General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 




Laboratory Infrared Studies of Molecules of Atmospheric 
And Astrophysical Interest 


K. Narahari Rao 



(KASA-CR- Ibb4 ^4) 

blUUIi:;:! Uf nULF.CULES Gf AinoSPHFBIC Abu 
ASThOPH^51CAi. IbTFbbSI (Ohio ^itdte Uuiv. , 
Coluoibus.) ^44 p liC All/Hir AO I C6i.u luti 

GJ/72 


b 8J-2d99t> 


UQCidS 

12651 


CONTRACT ;nSG- 2175 
October 1982 


I 


1 

1 

i 











NASA CONTRACTOR REPORT lbb494 


Laboratory Infrared Studies of Molecules of Atmospheric 
And Astrophysical Interest 


K , Narahar i Rao 
Principal Investigator 
Ohio State University 
Department of Physics 
174 West 18th Avenue 
Columous, Ohio 43210 


Prepared for 

Ames Research Center 

Under Grant NSG-2175 


NASA 

National Aeronautics and 
Space Administration 


Ames Research Center 

Moflett f'leld California 94035 



Th« Ohto suit UntvtrtHy 

Otpartmtnt of Physics 

174 Wtst 18th Avtnut 
Columbus Ohio 43210 


0R1G!NAL PAGK VJ 
Of POOR QUALITY 


Re I Laboratory Infrared Studies of Molecules 
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Contract Number: NSG 2175 
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This NASA grant administered by Moffett Field 
(Supervisor, Dr. R. Boese) has provided funding 
for a period of three years. During the no-cost 
extension period, all research done has been 
publi..hed and the report is a compilation of 
nineteen reprints on the molecular species: 

NO^ H^O (faOSO-9730 cn>"^; 0^ v^; 

C-H V and 6680-6460 cm CKD V & V; 


Much of the work was done by using the Doppl er - 
limited resolution provided by diode lasers. 

The di.;de laser was used as a source to a grating 
spectrometer which has been used earlier for 
high resolution studies. This technique provided 
many advantages. Wherever possible, the studies 
have been directed to intensity determinations of 
infrared bands. 
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Diode Laser Measurements of Intensities, Nj-Broadening, and 
Self'Broadening Coefficients of Lines of the t/j Band of '^N'*02 


V. Malathv Di VI,' Palash P. Das,' A. Bang, and K. Narahari Rao 


Dfparimeni oT Phynci, Tkr Ohio Slate Vniveruiy. Cotamhui. Ohio 43210 


J.-M. FLAUD, C. CAMY-PhYRM, AND J.-P. CHEVILLARD 

Lahoraloirt dr Phyiitfae Moirrulaire el d OpUqur Almotpherique, Bat. 221 
Campy i d'Ortay, 91403 Ortay Crdet, Fram e 


A diode User ipcciromeler iresoluUon 0 0013 cm'*) was used to record, in the 12-jim 
region, high-quality spectra of the i>, hand of NO, Using these spectra, it was possible to 
obtain the N,-broadening coefhcicnts and an average seli-broadening coefTicienl from 
measurements made for sever lines of this band In addition. )0 single spin-component line 
intensities were measured From them, through a least-squares fit. the purely vibrational 
transition moment of the s, band, as well as two correcting rotational terms involved in 
the expansion of the transition moment operator, were obtained These results led to the 
oetermination of the dipoir moment derivative hp,IOqi « -O.OMM, ± 0.0037 D It was also 
demonstrated that there ir. good consistency between the correcting terms deduced from 'he 
observed intensities and theii theoretical estimates Finally , a complete spectrum of the e, 
band of NO, was compjted. providing a total band intensity 5,1^11 » 0.M2 x 10 “ cm V 
molecule cm 'at 2% K. 


I INTRODUCTION 

Many high-resolution studies cor.werning the line positions of nitrogen dioxide 
in the infrared have been reported but much less work has been performed on 
NO; line intensities and widths (1-4). These line parameters are of importance for 
precise determinations of the concentration of nitrogen dioxide in the atmosphere 
and in combv’stion pro 'ucts. As a natural continuation of our study of the line 
positions of the Pt band of NO; (5), we present here results on intensities, 
Ni-broade.iint’, and self-broadening coefficients of lines belonging to the r; band 
of this moleci le. 


II EXPERIMENTAL DETAILS 


The diode laser spectrometer used in this investigation has been described 
earlier (6, 7). A commercial sample of NO; was used. Although it was staled to 
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be 99^ pure, our experience indicated that it contained a significant amount of 
NO as an impurity. CO, is also believed to be another minor impurity in this 
gas. In order to purify the sample, NO, at about 100 Toir was introduced into 
a glass bulb connected to a mechanical pump and a diffusion pump. Using a mixture 
of methanol and dry ice the sample was then frozen to -TS^C. This frozen solid 
usually had a bluish tinge indicating the presence of NO. In order to remove 
this NO, the frozen solid at -78°C was pumped for an hour, then warmed to 
room temperature, refrozen, and pumped again. This procedure removed the blue 
tinge completely, leaving behind a pure while solid. This procedure also eliminated 
CO,. For line strength measurements, two Pyrex cells of lengths 101.6 and 201.6 
cm were used. Since NO, reacts with H,0 to form HNO,, which can cause inter- 
ference, the cells and the gas-handlinp systems were pumped to pressures less 
than 10 * Torr. KRS-5 windows were Jsed for the cells. Ordinarily, the amount 
of dimer of NO,, namely, N,0,, depends on the total gas pressure and tempera- 
ture. If Pmn ^N,u. denote the pressures of NO, and N,0« (in atmospheres), 
then, the equilibrium constant kp(T) for the reaction (A) 


is given by 


N,0, 2NO, 


P NK), 


1.08 X 10'^ X T-' ^ exp 


14520 \ 
i.987 r) 


^P NO,P 
P - /’no. ’ 


(I) 



where P “ Pso, + /’nk>.- For 2% K and a total pressure of 1 Torr, the above 
equation was solved numerically. It was found that only \% of the gas was in the 
form of N,0.. Therefore, for all line strength measurements, pressures were kept 
below I Torr. The scans were taken within I hr after filling the cells and several 
repetitive scans were made on each line for various pressure x pathlength 
values. Pressures were measured with MKS Baratron gauges with an estimated 
uncertainty of less than \% and the cell temperatures <vere monitored during each 
scan by precision thermistor probes. The dispersion was calculated from the 
wavenumbers of NO, lines recorded simultaneously with the fringes obtained with 
a l-in.-long germanium etalon. The analog records were digitized with a Bendix 
Datagnd digitizer for processing. For self-broadening measurements we used three 
Pyrex cells 6.3, 1 1.3, and 21.7 cm in length and the pressure of NO, ranged from 
12 to 30 Torr. For nitrogen-broadening experimenis, a Pyrex cell, 201.6 cm long 
with total pressures up to 30 Torr and NO, pressures less than 1 Torr, was used. 

III. MEASUREMENTS OF LINE INTENSITIES 

We have selected 30 well-isolateu lines, the equivalent widths of which have 
u;en measured several times at different pressures and path lengths. The in- 
tensity (in cm** atm*') of each line has been extracted from the equivalent width 

assuming a value of 0.112 cm*' atm*' for the self-broadening coefficient and 
taking into account wing corrections. The results are given in Table I together 
with their statistical errors (one standard deviation). 
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TABLE I 


Mcaturcd and Calculated Line Inlentilies of the ^ Band of "N'*0| 


IV. MEASUREMENTS OF UNEWIDTHS 

The instrumental function of the diode laser spectrometer has been shown to 
be Gaussian with a half-width at half-maximum (HWHM) y, - 0.6.^ x I0‘® 
cm*' (9). We have measured the half-width y“*“ of the observed line absorption 
profile at loUmiJIo)''** where 1^ is the measured continuum or baseline determined 
from the region of no absorption and is the measured absorption at the center 
of the line. This would give the true half-width at half-maximum of the absorption 
coefficient assuming no contribution from the apparatus function. As a first 
approximation, where y, is small compared to the half-width >v of the Voigt 
profile, the Lorentzian half-width y^ can be obtained from assuming y'" =• yy 
through the relation (10) 


where yf," “ (y? + y|) 


Then, using a program which explicitly performs 










k* (4kB) 

* 1 

.Jl...) - t*I..U> 1 



*4 



• 

■f 



^<...1 1 

t/i.m 

15 


SI 

15 


12 

-1/2 

2.042 * 0.11 

1.ft4 

41 


14 

5 

11 

14 


12 

• 1/2 

1.012 * 0.14 

1.012 

•t 


14 

5 

2f 

14 


10 

•1/2 

2.174 4 0.11 

2.21f 

21 


15 

5 

11 

15 


12 

• 1/2 

2.040 * 0.12 

2.041 

It 


IS 

5 

2f 

SS 


10 

-1/2 

2.S4f • 0.15 

2.472 

51 


2* 

5 

25 

2f 


24 

•1/2 

I.44S 4 O.lt 

1.5f5 

11 

• M.4M 

11 

5 

27 

11 


2t 

• 1/2 

1.252 4 0.14 

S.124 

41 

•n.4») 

!• 

1 

2S 

20 


24 

-1/2 

4.204 4 0.11 

l.f17 

7k 

•St. 10* 

12 

5 

7 

11 


• 

-1/2 


7.114 

41 

• S*.*4| 

1 1 

5 

f 

12 


• 

-1/2 

7. Off 4 0.44 

7.114 

01 

• lA.rti 

IS 

5 

f 

12 


• 

•1/2 

7.54t • 0.4S 

7.711 

21 

•S'.4«t 

« 4 

5 

f 

IS 


10 

-1/2 

7.422 4 0.44 

7.114 

41 

•ir.4f4 

14 

5 

f 

IS 


10 

• 1/2 

7.20S 4 0.12 

7.417 

SI 

•s«.i«« 

14 

5 

11 

15 


12 

-1/2 

7. OVA B o.lf 

4.f47 

21 

•St.lSf 

14 

5 

11 

15 


12 

• 1/f 

7.04S 4 0.24 

7.41S 

51 


25 

4 

20 

25 


21 

•1/2 

1.105 4 0.20 

S.444 

21 

•4S.ri» 

24 

4 

11 

24 


If 

• 1« I 

1.547 4 0.14 

1.445 

SI 


2S 

4 

U 

25 


If 

• 1/2 

S.705 4 0.14 

S.t4S 

41 

•41,745 

22 

4 

14 

22 


17 

• 1/2 

S.OSS 4 0.21 

4.017 

51 

• ‘J.Mt 

21 

4 

14 

21 


17 

♦ 1/2 

4.471 4 O.lf 

4.1f0 

41 

•45.770 

20 

4 

14 

20 


15 

• 1/2 

4.22f 4 0.10 

4.114 

21 

•45.705 

1* 

4 

14 

If 


15 

• 1/2 

4.245 4 O.lf 

4.451 

41 

•45.7f4 

11 

4 

12 

It 


IS 

• 1/2 

4.547 a 0.20 

4.512 

SI 

•45. 00* 

17 

4 

12 

17 


IS 

• 1/2 

4.S51 4 0.17 

4.557 

41 

•45. *17 

14 

4 

10 

14 


1 1 

• 1/2 

4.140 4 O.lf 

4.557 

41 

•4l.t2f 

21 

7 

21 

2t 


22 

• 1/2 

1.744 4 0.074 

1.771 

11 

•41 .n5 

25 

7 

If 

25 


20 

• 1/2 

2.115 4 0.10 

2. Ilf 

41 

•42.017 

If 


IS 

If 


14 

• 1/2 

1.247 4 0.15 

2.777 

151 

•42.045 

14 

7 

f 

14 


10 

• 1/2 

2.fS7 4 0.10 

2.002 

51 

•42.100 

1 5 

7 

7 

IS 

- 

• 

• 1/2 

2.57f 4 0.12 

2.52f 

21 






► 

i- 


I, 



ORIGINAL PAGE IS 
OF POOR QUALITY 


2M MALATHY DKVI ET AL 

TABLE II 

Ni'fruaiicnini Cucincicnlt for Seven Line* of ihe v, Bend of NO, 
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the convolution of the absorption profile with the Gaussian instrumental function 
(characterized by >/), we refined the value of yi. in order to obtain the best agree- 
ment between the calculated half-width at /„(/„,„//„)' * and y"*". The N^-broadening 
coefficients yt(o, |i,, measured in this work are gathered in Table II. It appears 
that the calculated values^ are, on the average, 12'^ lower than the measured 
values but a slight decrease in the widths with \ is predicted in the calculations. 
It has not been possible to detect any noticeable difference between the widths of 
the two spin components for a given transition. Since our set of measured values 
is lim',.ed to a few lines, no general statement about the variation with the quantum 
numbers of the N, -broadening coefficients can be made based on these data. 

We have attempted to determine the self-broadening coetfic'* . s for the same 
lines using the method des^^ bed above; but this detcrm’n"tioi much more 
difficult because of the dim'.ization of NO, into N,G, 'nuv. these condi- 
tions, the quantity actually deduced from the experiment :s y^ > yj^o, no,Pno. 

y%it,-N,o.PN,<>«- Because the only measured pressure is the total pressure P, we 
used the equilibrium constant k,.( T) (M) of the reaction 2NO] s=s NtO, in order to 
obtain the values of (/’no,) and (/’n.o.) and thus any error on kp(T) would produce 
errors on these two pressures. Moreover, in our experiment, the maximum pres- 
sure of NC, (Pno,) was 30 Torr, corresponding to a maximum pressure of 
N,0, (/*!„<),) of 10 Torr; consequently, if one assumes that yS,H-n<H/y8«,-N,o. 
2 3, the contribution of (yi;,^ n,o.^n.o,) to yi. would be less than 10%; that is the 
order of magnitude of the experimental error on yi,. For all these reasons it has 
only been possible to determine an average value ylio,-No, ^ 0.112 -t 0.013 cm"' 
from the seven lines we have studied. Some experiments which have been per- 
formed at a temperature of 4S°C, where the influence of N|0, is negligible, confirm 
the value of Ynoi-nih we have found. 


V CALCULATtON OF LINE INTENSITIES 
The intensity of a line in (cm*'/molecule) cm'* can be written as 

RTr* / . / V., I £.4 


3/if47r*o 




’ U. D. T. Tejwani and E. S. Young. Iowa State Universily, Ames (unpublished report (1975)). 
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where 

— A and B are respectively the lower and upper levels of the transition. 

— a “ (£'• - EtVhi is the wavenumber of the transition, 

— Z(T) is the partition function at the temperature 7. 

— g 4 it the degeneracy due to the nuclear spin of the level A, 

— jo) and \b) represent single states corresponding to the Mj degeneracy of 
the levels A and B. 

To calculate the vibration -rotation energies (5) we have used a transformed 
Hamiltonian and determined its eigenstates | For (his reason, 

although the transformed dipole moment /x/ more complicated than the non- 
transformed dipole moment ni, we calculated the matrix elements of instead of 
those of Mz- 

For NO,, the single states ju) and |b) are the \v,VtVt\E ^SJM j) states 
which can be expanded as 

\v,VtViSK,K,SJ.\tj^ 

- V {SM,SMs\JMj)\v,VtViNE,KrMs>\SM,). (4) 

From 


after some calculations, one obtains 


where { } represents the usual bj coefficient. 

Under these conditions, the transition strength is the product of the 
spin-free transition strength |(i’|i^triAi'A'aAr |^/ |L-juii’jA'’AaA'^) |* times the 
relative intensity g(N , J , N' , J') of the spin-rotation comporents (allowed or 
forbidden). Using the relation 


t [c d fWc d g\ 2/-^ I 

it is easy to deduce that Xzj- 7. /V’, J’) = 25 I; consequently, for a spin 
1/2, one has g(bJ,J, S',J') * 2. The different values of the coefficients 
g(N , J, N', J') for the different possible transitions are gathered in Table III. 

To evaluate the matrix element of fi'/, w; will follow the general theory de- 
veloped in Ref. (II) and we recall here only the relevant notations and formulas. 

The wavefunctions Irifirs/VAgA,.) have been obtained as a byproduct of 
the diagonalization of Watson's Hamiltonian for the ((K)0) and the (010) vibra- 
tional states (5). One has 

|i’,i’,r,/VA,A,.> * If) ICJ(|NA» 
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With 

r * 0 for (000), v » I for (010), (8) 

where the rotational functions \SK y) are the usual Wang functions. The general 
form of the transformed dipole moment operator is 

= V (9) 


and its relevant part to be used for the i/, band is the transformed transition 
moment operator with 

+ •••. ( 10 ) 

where the transition moment constants are to be determined from measured 
intensities. In Eq. (10), we have kept only terms which proved to be significant 
in the least-squares ht but the general form of ''''n/. as well as the matrix elements 
of the rotational operators involved in its expansion can be found in Ref. (//). 
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TABLE IV 

Cootianu Involved in ihc Eepanuon of ihc Transformed Traneiiion Moment Operator 

of the ¥, Band of NOt 




Vilw* • 


•’-i 

( • 0.4IT, • S.0l*l • 10*’ 


•V; 

< O.iO, * S.ti 1 • lO'* 


•’-i 

1 0.101, • O.OttI ■ 10'* 


The erren euolee are eex aiaiialical conheence imerveie 


Using the 30 measured intensities as input parameters in a least-squares fit, 
we were able to deduce the values of tne quoted in Table IV. These con- 
stants were then used to compute the whole spectrum of the v, band of NO| leading 
to a total band intensity (i.e., the sum of individual line strengths) of Srlv,) 
■ 0.342 X 10 "■ cm'Vmolecule cm'* at 2% K. 

In fact, since the intensity of a line is proportional to the square of the matrix 
element of the dipole moment, from the least-squares fit of the measuied intensities 
it is only possible to determine the rel'ttive signs of the coefficients • The choice 
actually made is discussed in the next section. 


VI THEORETICAL DISCUSSION 


The theory of the contact transformation used to obtain the transformed dipole 
moment has been developed by Legay ( 12 ). For molecules with a permanent dipole 
moment, one has, to the second order of approximatiou. 


“v: 


I 


‘Mx. 


( 2 )'" 

Mi “ 2 cos y{ — \ V.,, 


. S/t 


‘Mi 


r{i,(2o>,o>3)' * 


'M* 


:«.(-) 
' '!*} ' 




(ID 


Using the equilibrium geometry and force constants of Ref. (/3) (leading 
to cos y = 0.767 and sin y * 0.642) one obtains 


01 f 

Ml 


I 


‘Mx. 


( 12 ) 


( 2 )'* 

®‘Mi “ 0.1648 X 10 * "mx. (13) 

-0.2656 X 10 + 0.1 151 x 10 " Vx- (1^) 

Assuming that the sign of ®Mx corresponds, as shown by ab initio calculations ( 14 ), 
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to the polaniy N'-0| and that iti value i* not very difTerent from the ground- 
stale dipole moment ^,(000) given in Ref. ( 15 ), we can take the value Vx * 0-3 16 D. 

Then, Eq. (13) implies that *V« »iust be positive. As we already said since the 
relative signs of the constant *'m) ve determined from the least-squares flt, the 
signs of these constants with respect to the sign cf Vx <tre then fixed. 

Moreover, from Eq. (13) we obtain for *Vi tite ''‘tlueO. 5.^4 x 10 * D. 

which compares well with the value (0.403 x 0.2S) x !0 * D we have obtained. 
Using Eq. (12), one gets 

Vx “ (-0.604, i 0.037) X 10 ' D. 

Fin<«lly, Eq. (14) allows us to deduce from *'mi the value 

V, - -0.39, X 0.11 D. 

This value is to be compared to the value of V> deduced from the intensity of 
the S', band. From the two values 1430 x 300 cm * atm*' at 40®C (2) and 2059 cm * 
atm*' at 25*C (/), assuming that the s', band can be treated in the rigid rotor 
approximation, one obtains 

*M. -* -0 Ml X 0.043 D 
and 

»M, - -0.483 D. 

It is of interest to note that the measurements of Goldman er al. (2) provide a better 
estimate of the s', band intensity because they lead to a value of V, comparable to 
the present work. 
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DiihIc IjiAcr kpcctrv i>( ihc f, hand ol NO, are recorded and anal>ied Due U> Ihe «er> 
high rvMduiion tO 00.' cm 'I. Ihe branches are compiclel> rewilsed Although the whole 
f, hand it nol completel) covered, the gualily of Ihc tpccira led lo an improved tel of 
rolalional and tptn>rolalion convlanlv The band center it found to he i, • 74V 6MI 
* 0 0012 cm 

INTRDDLCTION 

The importiince uf nitrogen dioxiile in Ihe photiK'hemistry of the atmosphere 
has stimulated many high-resolution studies of the infrared spectra of this mole- 
cule Moreover, a giuid knowledge of the lowest vibrorotational levels of the 
electronic ground state is very helpful to assign visible fluorescence or absorption 
spectra involving higher vibronic states. 

This paper reports the analysis of diode laser spectra of the p, band of 
Previous studies of this band using spectra recorded on grating spectrometers 
(resolution *0.040 cm"') have been performed by HurkK'k el at. (/) and by 
Cabana el al. (2>. The resolution of the diode laser spectra (»0.(X)2 cm*') allows 
a much better analysis, particularly in the (> branches, which txre now completely 
resolved. However, it has not been possible with the diode ured in this study to 
cover continuously the whole extent of the pj band. Nevertheless, the positions 
of about ?K0 lines were precisely determined and from them, improved band center, 
rotational, and spin-rotation constants for the (010) vibrational state were 
obtained. 

KXPhRIMKNTAL DHAll.S 

The experimental setup used in this study has been described elsewhere (.f). 

Two diode lasers operating between 687-720 and 820-86.^ cm*' were used. Only 

I 
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FlCf I Kxampir of a rexulvcd Q branch of '*N'*0| 


those modes were scanned where suitable calibration lines were available. In the 
14-^m region »», and v, - V| band lines (4) of '•C“0|, V| band lines of H'*C'*N 
(i| and in the 12-^m region v, band lines of OCS (5) were used for determining 
the absolute positions of the lines. A commercial sample of NO|, at pressures 
ranging from 0.5 to I Torr, was contained in a multipass cell with a total path 
length of 12 m. Some impurity lines, especially CO| and HNOj, were observed. 
A 33-cm-lcng air-spaced etalon with 0.015-cm*' fringe spacing was used in the 
14-^m region while a 2.54-cm ( l-in)-long germanium elalon with 0.049-cm'' fringe 
separation was employed in the 12-^im region for producing wavenumber scales 
on the spectra. The relative accuracy of our measurements was estimated to be 
about ±0.0005 cm*' and the absolute accuracy is believed to be about ±0.002 cm*'. 

To show the quality of the spectra, we present a reproduction of the "Q^ branch 
around 825.500 cm*' (Fig. I). On the high wavenumber edge of this region, the 
limrs corresponding to the F, component appear clearly whereas around 825.650 
cm*' they are superimposed on the lines corresponding to the F, component. 
On the low wavenumber r ge of the region, the F, and Ft series are again rela- 
tively well separated. At high A... near the origins of the Q branches the spin 
splitting is expected to be very large. This can be clearly seen in the spectrum 
of "Qi displayed in Fig. 2. For example, for S - 20, the splitting between the 
F, and F, components is as much as -O.I cm*'. The observation of such splittings 
helped us to determine the spin-rotation interaction constants more precisely than 
before. 


DATA ANALYSIS AND RESULTS 


NO] is an asymmetric top molecule belonging to the Cu group with the com- 
plication that the spin-rotation interaction must be considered. Under these 
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As a starting pi>int in the analysis of the diode laser spectra, we computed a 
theoretical spectrum of the »>j band of NO, using the rotational and spin-rotation 
constants of the (010) and ((XX)) states given in Refs. (2, V, 10 ). With thss calcula- 
tion, we assigned the most intense lines lying in the available spectral intervals. 
The upper-state energies deduced from these transitions and from the ground-state 
energy levels calculated with the constants of Ref. (V) (see Tables 1 and II) were 
introduced m a nonlinear least-squares ht to obtain refined molecular constants for 
the (010) vibrational state, e repeated this procedure up to the point where all the 
NO, lines were assigned and the ;et of constants determined from the final fit is 
given in Tabic I for the rotational constants and in Table II for the spin -rotation 
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constants, .^n improved band center was obtained: vj » 749 6MI ± 0.0012 cm*'. 
With this hnal set of constants, we calculated the whole spectrum of the t/, band 
and Table III presents the experimental and calculated wavenumbers together 
vsith the assignments of the lines. 

DISCUSSION 

A few commmts arc lo be made about the assignment problem. First, only 
stretches of the whole band were recorded with the diode laser spectrometer. 
Hxcept for the "(>, subband which is completely covered (see Fig. I), only parts 
of the 'Q*> subbands as well as parts of the and "tf* subbands 
were available together with less crowded intervals. Second, some interferences 
with impunties (particularly HNO, and COj) complicated the assignment. How- 
ever. because a good self-consistency in the calibration of wavenumbers was 
achieved, a very satisfactory tit was finally obtained (the unweighted standard 
deviation of 0.(K)IK cm'' is to be compared with the estimated precision of the 
position of the lines, i. e.. 0.002 cm ''). From the set of energy levels of (010) deduced 
in this work, it was not possible to determine the value of the iKtic constant L^. 
Indeed the highest K‘„ value reached in our study is 7. However, our calculations 
reproduce very satisfactorily the positions of the (A.'i =* 8) and (/fi - 9) 
subbands observed at lower resolution in Ref. (/). Indeed, in the subband, 
the calculated intensities peak for 7 - 17. 18. 19 at 880.367 cm*' in the F, com- 
ponent and at 880. 199 in the Fj component and these calculated positions compare 
well with the maxima observed in Ref. ( / ) at 880.339 and 880.186 cm*'. The same 
agreement was obtained for the *(>, subband: calc Jiated maxima {J - 18, 19, 20) 
at 898.680 and 898.496 cm*' are to be compared with the observed ones at 898.604 
and 898.455 cm*'. 

It is important to emphasize that both the rotational and spin-rotation constants 
of the (010) vibrational state are highly dependent on the parameters assumed 
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for the ('.KK)) stale. This is because the observed energy levels of (010) used as 
input in the lit were obtained by adding the observed line positions to the cal- 
culated energy levels of the ground state. 
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Spectrum of Water Vapor between 0050 and 9370 cm~‘ 

J.-M. Fi aUD and C. CaMY-Pj YRf.T 

Ijthoruloirr dr Fh\tiqur ktolti utatrr rl d'Opluiur Atmoiphrnqur . C.N R.S.. Bat 221, 
Campu\ d'Ortuy, VI40f C)rm\ Crdrx, frame 


K. Narahaki Rao, Da-Wun Chen, and Yan-Shik Hoh 

Orpartmrm of Ph\uct. The Ohio Stale Umvrrtily. Colamhai Ohio 4S2I0 


AND 

J.-F*. MaILI ARD 

Ohirrvaloirr dr Mrudon. I Plate J Jamsrri. 92llfO Mrudon. frame 


Mciisuremenli uf the line posi(ion\ of H,'*0 in (he SOM) to 9)70 cm ' region have been 
performed al a ipcclral reM>lulion of 0.07 cm*' A grating tpcctrum of loom-lemperalure 
water vapor and a Fourier transform spectrum of heated water vapor (T M)°0 were used 
in the interpretation A careful analysis of the bands v, + 3v|, 3vi * Vj. Zv, * v,. v, -f V| 
■r V,, and v, * 2i>, has led to a set of rotational levels belonging to the vib'ational stales 
(130). (031), (210), (III), and (012). Many vibrorotational resonances were detected 


INTRODUCTION 

The vibration -rotation spectrum of the water molecule begins to be understood 
in great detail in the 6.3-^m il-3), 2.1-fim (•#-6), 1.9-^m (1,6,7), and l.4-/im 
(f(,9) regions. Toward the photographic infrared and the visible, the situation 
is not so favorable because the bands are weak and also because of the possibility 
that multiple resonances will make both the assignment and the calculation of 
spectra much more difficult FFowever, it is important to improve our knowledge 
of these spectral regions from both practical considerations (atmospheric studies) 
and theo'etical reasons (determination of the potential function). A systematic 
effort to analyze the FFjO spectra in these regions was performed earlier by Bene- 
dict (10). In the present paper, we report an experimental investigation of the 
spectrum of water vapor from 80.^0 to 9370 cm"'; we have been able to assign 
about 1200 vibration -rotation lines belonging to the p, + 3p,. 3p, + Pj, 2p, 4 p,, 
p, 4 p, 4 p,. and p, 4 2 p 3 bands. From the observed line positions, an extensive 
set of experimental rotational levels has been obtained for the vibrational states 
(130), (031), (210), (111), and (012). 
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For this study, we analyzed two different spectra. For the strongest lines, we 
used the line positions given by a room-temperature spectrum recorded from 
8550 to 9024 cm*'. The positions of the weaker lines were deduced from a Fourier 
transform spectrum of heated water vapor extending from 80.50 to 9370 cm*'. 
The characteristics of the two spectra are given below: 

Room-Trmperoture Spectrum 

A lO-m focal length Czemy*Tumer vacuum spectrometer at the Ohio State 
University was used to record the spectrum. This spectrometer employed a 40 
X 20-cm' (lb X 8-in ’) echede with 79 grtxives per millimeter on its surface and 
blazed at an angle of about 63‘. The source of continuous infrared radiation 
was a carbon rod furnace working at an inp'it power of 3.4 kW ( 10 V at 340 A). 
A description of this spectrometer was given previously (//). The infrared ra- 
diation was detected with two detectors — InSb for the CO calibrating lines and 
a liquid-nitrogen-cooled photomultiplier for the water vapor spectrum. The signal 
was amplified by a Princeton Applied Research Model HR-8 phase-sensitive ampli- 
fier and then recorded on a strip chan recorder. The resolution was ab« 'it 0.07 
cm'* and the precision of the positions of the lines is approximately .>.0.005 
cm'*. Figure I shows a reproduction of this spectrum. The water vapi>r partial 
pressure used was 7 mm Hg, and the length of the absorption path was 100 m. 

Fourier Trattsform Spectrum 

The water vapor was introduced into a heated multiple-path cell ( 7 “■ 60‘C, 
P • 90 Torr, total length /. ■ 40 m) and the spectrum was recorded by one of us 
(J.-P.M.) with a resolution fur ■ 0.070 cm*'. Under these conditions, the experi- 
mental linewidth at half height was approximately 0.1 1 cm*', and the precision of 
the positions of the lines was ±0.005 cm"'. Figure 2 shows a reproduction of the 
observed spectrum. 

For unblended a' ' unsaturated lines common to both spectra we have noticed 
that the line positions agree to within the stated experimental uncertainties, that 
is ±0.005 cm". 


DATA ANALYSIS AND RKStl.TS 

The identification of the lines of H./*0 was facilitated by the previous work 
of Benedict UO) and with the help of the available rotational energy levels for the 
(000) and (III) vibrational states of Hj'*0 ( !2J3). 

In the l.l-^m region, the A -type band r, + e, + I'j is much stronger (see the 
strong Q branch at 8807 cm*') than the bands i', .3|/,, 3»', + Uj, 2u, + and 

Pt •* 7t<3. Consequently, the number of levels determined for the (III) stale is 
larger than the number determined for the (1.30), (031). (210), and (012) states. 
Also, since the »<| -^ Pj band center (8807. (KK) cm*') is close to the 2i , i', 

band center (8761.579 cm*'), the lines of this weak band are often blended with 
lines of the strong band, which complicated the interpretation. 
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TABLE I 


Liti of ihc Lints of Water Vapor between 1050 and 9)70 cm*' * 


' The colunint mean 


c', i' Labels of the upper and lower vibrational nates of the transition with the 
correspondence. 


Sigma Observed wavenumber of the transition (in cm*') 

J‘K',K',JKfK, Rotational quantum numbers of the upper and lower levels 

P„ P, Percentages of absorption at the center of the line for the healed and room-temper' 
ature spectra 

G Statistical weight of the line 

/ Isotopic species with the notation 0 ■ H,“0. I ■ H,"0. 2 ■ Hi‘*0 
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TABl.F. II — Conunurd 
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* 1o the right of each energ> level (in cm ') the ktativiical uncr-*aint> confidence interval 
in 10 'em *1 IS given Additional level appearing through perturbation (ObOi |Mb| V4(N) MOV 2.4 


Particular attention was paid to lines originating from resonant levels which, 
as already mentioned, are quite numerous.' In general, perturbed lines were located 
by considering strong lines which cannot be Htiribuied to normal lines of the 
strongest band, »>, + »■, vj. Among these perturbations are two interesting ex- 
amples: 

— The perturbation between the levels(210)|22l] and ( 1 1 1 )|2I I) leads to doublets 
of lines of nearly equal intensity, instead of the usual single lines belonging to 
the strongest A -type band + »'i + r, UO). 

— An extreme example of resonance is the quadruple resonance between the 
levels (060)|616j, (I30)|652|, (2I0)|634|, and ( 1 1 1)|624|. In this case, the labeling of 
the levels will be definitive only when a theoretical calculation provides the mixing 
coefficients. It may be emphasized that the 6 t ’2 band appears only through lines 
originating in the peilurbed level (060)|6I61: this behavior is similar to that of the 

' These resorances can be classified for the hexad of the vibrational slates flO.SOi. (l.tO). (0311, 
(210). (Ill;, (O' !l| under study as follows: Conolis-type interactions between ( r, i, r,l and I r, - 1 i, 
t'a + II; (i |it‘jl ~ ‘‘a II- Fermi-type inieraclion between (iii',ial and (r, - Ir, ♦ 2r,l; 

and Darling- Dennison-type i iteraclion between 1 1 , r, r,l and ( i | - 2 i, i, * 2l. 
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4c, hand, in the l.4-/im region, which upnears only through lines originating 
in the perturbed level (040)|‘M5|. </4). 

Because of the large value of the P x /. product fur the heated spectrum, we 
have been able to detect lines belonging to the “hot" band c, *■ 2c, -r- c, - c, 
(relative intensity compared to c, f c, > c, » 0.2'T') and lines belonging to the 
c, c c, ♦ c, band of H,'*0 (relative isotopic abundance »0.2'T). The assignment 
of this band of H,"'() has been facilitated by knowledge of the ground stale of 
H,"'() ( Ifjfti. The complete list of the transitions with their assignments and the 
percent absorption at the center of the lines is given in Table I. From these lines 
and from the ground-stale energy levels, we deduced the vibration-rotation energy 
levels of the upper stales, which are given in fable II. 

Since the rotational levels of the ( 1 1 1) vibrational state were ontained previously 
from the study of a flame spectrum (/.?), we combined the data originating from 
the latter work and the present study to obtain what we consider to be the must 
reliable set of rotational energy levels for this state. In the present work, we did 
not observe lines involving high rotational quantum numbers, and. therefore, we 
limited the levels listed in Table II to 7 < l.V Reference (/.?) gives the informa- 
tion for 7 > 13 of the (III) state. 
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Interpretation of Diode Laser Spectra of Ozone at 14 
(010) hnd (020) States of Ozone 


Inirodiiclion. In the prctcnl invcilit>l>on, ozone ipectra at dilTerent wavenumber intervaJv have 
been recorded in the 14-^m region with a rcaolution of about 0.002 cm*' uaing a tunable diode laser. 
As may be noticed from Fig I, which gives a reproduction of a small portion of the spectrum, 
the structure is well resolved Almost all the observed lines have now been assigned to the v, funda- 
mental and to the associated "hot" band of ozone. 

i>i band linrs of ozone In interpreting the diode laser spectra, use has been made of the molecular 
constants reported recently by Monnanteuil ei at. (/) for the (010) stale of ozone. A synthetic spec- 
trum of the V, band of ozone has been calculated according to the method suggested in Ref (2). 
Scveniy-eig.M transitions belonging to the band have thus been assigned, and their wave- 
numbers together with these assignments are given in Table I. This study has given a value for 
the V, band center as !>• ■ 700 9316 x 0.0030 cm*', which is in good agreement with the value of 
700.933 X 0.(K)5 cm*’ suggested in Ref (/). 

2v,- V, band linei . Using the rotational constants of Ref. ( / ) and an estimated band center, we have 
calculated a synthetic spectrum of the 2i'i-i>i band. As the uncertainly in the estimated band center 
is almost as large as the spectral range of the diode laser spectra (the extension of which is typically 
I cm*'), it was not readily possible to match the calculated spectrum with the weak unassigned 
lines of the diode laser spectra By trial and erroi. we finally succeeded in assigning 34 lines in the 
regions studied to the 2f,-n, band, and these data are also presented in Table I. Combining these 
data with the 10 microwave transitions ohscr.'vd in the 1020) slate (/. i). a least-squares fit was 
performed, and the rotational constants thus obtained are given in Table 11 For this calculation the 
sextic centrifugal coefficients have been extrapolated from the values relative to the (000) and (010) 
slates. This procedure seems to be better than fixing the values of the sextic coefficients for the 
(020) stale to those of the ground sUle The .' veemenl between the observed microwave transitions 
as well as that between the observed and calculated energy levels for the (020) stale is close, as can 
be seen from Table 111. 

Piscussion. As a result of the above analysis, it has become possible to locale for the first time 


At:R4GE FRWGf SERSRATION 
A*-00l6M8cip'‘ 


Fig. I. A sample spectrum of ozone at 14 ^m obtained with a tunable diode iasrr spectrometer 
Lines with asterisks are due to the 2i',-i', band and the numerals I to 9 are used to locate con 
veniently the corresponding lines in Table I. Filled circles indicate unassigned lines. 
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TABLE I 

Wavcnumbc % (cm*' -vac) and A»»i«nincnu for Some of (he Ozone Linea al 14 a>m 



the vibrational energy L'im> for the (020) state of ozone. The value obtained is E,n«> " 1399.2744 
s 0.0035 cm*'. 

From the two vibrational energy values and E,„^, obtained here, the value of Zn ia obtained 
using the relation 2x„ ■ £,oni. - 2£„,e, as z„ - - 1.294 i 0 00ft cm*', which compares reasonably 
well with the value z„ - - 1.0 cm*' obtained in Ref. (4). 
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TABLE II 

Rol<tliuiMl ContUnli for (he (020) Vibredonal S(it(e of 0| 
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Agreement between ()b%ervation end Celculalion 
for the (020) Stale of Ozone 
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Microwave and Infrared Study of the «, State of “O* and 
Identification of the (*t + «t )~«2 Band 
Lines at 10 i^m 

N. Monnanteuil, J. C. Depanneuaeceer, and J. Bellet 

LoioraUtrr 4* Sftctrtueptt Hrrtutnnt — L.A 249, Vn*wtt%U dr LtUt /, 

B P J6, 59650 VtUenrutt 4'Atcq, frattct 

A. Barbe, C. Secruun, and P. Jouve 

l/thorainrt 4t Pkyit^ UoUculairt—E B. A., FacuUf 4ei Scunces 4t Retmt, 

B P 347, 51100 Retmt, France 

AND 

S. Giurcianm,' Van-Shek Hoh, and K. Narahari Rau 

Detriment «/ Pkyttcs, The Ohto State VnitertUy, Colnmbut, Ohio 43210 

A iludy of (be »t itRtr of oxone it ^reientcd Imth in the microwave and infrared regiont. 
Forty obterved microwave linet led to the determination of molecular parametert which 
allowed (he calculation of the rt itate energ) levelt. One-hundred and twenty traniitiont 
of the (»• -1- ei) — rt band, obterved at a retidual tpectrum of the vi band, are identihed 
leading to the determination of the band center of the n fundamental. The interpretation 
of an obterved tpectrum of the »■ l>and which it contitlent with thete molecular parametert 
it presented 


INTRODUCTION 

Ozone, a bent triatomic molecule has its three fundamental vibrations located at 
701 cm~' (pi), 1042 cm~‘ (pi), and 1103 cm~‘ (pi). Microwave study of the ground state 
(/) and of the two excited states P| and P| which are strongly coupled by a Coriolis 
interaction have previously allowed an analv'sis of the P| state both in the microwave 
and infrared regions (J, J). In the same way, the microwave study of the p» state (Section 
I) leads to the possibility of computing the state energ>' levels. These calculated 
levels along with the values for the ertergy levels of the (pt + pi) state obtained from 
the study of the (p| + Pt) band ( 4 ) have allowed the assignment of 120 transitions of 
the (pi -h p,) — p, band (Section II). In Sectioi, III, we present an interpretation of 
the Pt band which is consistent with the information summarized in Sections I and II. 

‘ Preient Addreu : li tituto di Chimica Organic* dell ‘Univeraita’, Callr Larga S. Marta 2137, Venezia, 
Italy. 
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Mic rowavt Lines in the p% Suu (vaIum in MHt) 
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I. MICROWAVE STUDY OF THE r. STATE 

The pure rutational spectrum of ozone in the •>] state was first studied by Tanaka and 
M-'-ino (5). They measured and assigned 17 lines with J < 26 and K-i < 4. In deter- 
mining the rotational constants they assumed r„„, r...,, and r,,„ to have the same 
values as given by Pierce (d) for the ground state; t„„ was chosen to obtain the best 
fit of the observed with the calculated frequencies of all the 17 lines. The rotational 
constants thus obtained are ; 

A - 108137.57 ± 3 MHz, B - 13311.20 ± 0.6 MHz, C - 11765.17 ± 0.6 MHz, with 
r.... - -27.245 MHz. 



In the present investigation, new measurements were made in the range 18 to 120 
GHz, using a classical Stark modulation spectrometer. A modulation frequency of 
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RoutionaJ Cootunu al tW Ground, n nnd 2»i Suu* (Vnlun in MHt X 10*) 


(aanwn 

mam vr 

*■ (*> 

R| lUM 

9 

K| trail 

9 


0— f — 

9 

Q— f n 

OHBI4M 

A 

m tn.m 

9.9m 

100 m.t? 

0.01 

100 100. a 

0.00 

• 

u »« .md 

9.9mf 

II III. Ml 

9.9m 

u tn.ui 

I.OM 

c 

II IM.IIU 

• .CM 

11 m.9bk 

•.••s 

II 

0.000 


t.MU 

*.«*! 

i.m 

•.••I 

I.M 

0.01 

«JS 

-«.S>k 

• .••A 

•*.41 

0.01 

•0.0 

0.0 



• .•1 

•M.l 

0.1 

110 


•j 

•.ma 

9,9m9i 

• .M?M 

•.00000 

0.M 

0.00I 

s 

t.dfi 

9.9m 

ll.M? 

• .••• 

U.*l 

0.01 

■j 

• .Ml 

9.mi 

a.au* 

• 

•.ail* 


u 

-«.U 

9.9f 

•4.U* 

• 

•0.10* 


Su 

-If.l 

• *» 

-19 

1 

•II. 1 


s 

1 in 

» 

1 IH 

M 

1 IM* 




•.••01 

0.0011 




‘z. 

4.U 

• .•• 

•0.W* 

• 

•0.I0* 


s 

•T 


fJ 

0 

01* 


H 

• .•11 

• .00} 





* *•!. U) 


* fiaad «• ttM franfli OMU «al«a. 



so KHz wu employed. The cell, cooled with dry ice, ii a 3 m long cell in a RG 52 U 
guide and the lource it a klyitron locked by a Schommand, FDS unit. 

0 Thirty-three lines, twenty-three of them being new and corresponding to / < 43 
and K-t < 6 were measured. Using a Watson-type Hamiltonian developed up to P* 
terms in angular momentum, forty transitions (Table I) were fitted by a least squares 
process. The molecular constants thus obtained are given in Table II. The uncertainties 

D TABLE III 


Microwave Line* in the 2 m Stale (Value* in MHz) 
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TABLE IV 

KvoluUon ol tb« with Rnpcct to th* Qiwntum Number tt (VtliiM in MHi) 
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o for the parameters and for the calculated frequencies are also reported in Table II 
arvii Table 1, respectively. 

Molecular [>arameters are presented for the 2t>i state in Table II. These were obtained 
by a least squares process in which some of the constants, as indicated in Table II, 
were constrained to ground state values. The input data of the analysis consisted of 
ten lilies in the 2ei state (Table III), some of which were measured previously by 
Tanaka and .Morino (5), and the remaining ones by the present experiments. 

The molecular parameters of the vi and 2i>i states can be compared to those of the 
ground state (recalled in Table II), which were obtained by fitting 107 microwave lines 
with y < 56 and K-i < 8 (/). In particular, it may be pointed out that Ay, Aya, 
and 6j have almost the same values in these three states. On the other hand, the corre- 
sponding values of Ax and ix differ significantly. This is to be expected because the 
liending vibration ft induces an important alteration in the value of t,,„. In Table IV 
the values of r«... for the ground, i>i and 2i>i states are compered. Interestingly, the r„„ 
varies almost linearly with respect to the vibratioiuil quantum number (see also Ref. 7). 

II INFRARED STUDY OF THE (n + »■) - n BAND 

Ozone has taken on a new practical significaiKe because of atmospheric considerations. 
In particular, the i>i liand appears in the atmospheric window in the 10 region. 
Therefore, this band has been chosen for laboratory study. It was recorded using a 
SISAM spectrometer with a resolution of 0.012 cm~' (J). About 1200 lines have been 
obtained with a calibration precision of 1.10~* cm~'. .Most of these lines have been as- 
signed to the (001) «— (OOf)) liand (2, J). As the average population in the (010) state is 
about i.1% of the average population in the ground state at 296 R (experimental 
temperature), most of the residual spectrum can be attributed to the (011) «— (010) 
band. 

Calcuiafions 

The spectra of the (xi -|- X|) and (xt X|) bands have also been recorded with 
resolution of 0.017 cm~' by means of the Reims-SISAM (S). The (011) and (110) states 
in Coriolis resonance have been fitted using a Watson-type Hamiltonian and the results 
will be published separately (</). From this work we have a knowledge of energy levels 
for the (Oil) state. The (010) energy levels can be derived from the rotational constants 
obtained by the microwave study (Section I) and the xt band center, 700.93 cm~', given 
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by Ttnftlui and Morino (9). Thut, we can compare the obaerved apectrum at the “hot" 
band (ri -f »t) ~ with a calculated one. Moat of the linea of the reaidual apectrum 
in the »• region have been aaaixned by adoptinx a alightly different value for the at 
band center: 700.933 cm*'. The uncertainly in thia value ia taken aa the aum 
of the uncertaintiea in the (at -f at) and (at + at) — at band centera (reapectively, 
1726.5277 ± 0.0027 cm-' and 1025.594 ± 0 «)18 cm"'), that ia 0.005 cm-'. 

Allas «/ Ike (at + at) — at Band 

Table V xivea the liatinx of thia band with calculated wavenumliera and aaaixnmenta. 
The abaolute intenaitiea have been derived takinx into account the Boltzmann factor 
at 296 K. Only the linea of abaolute intenait> larger than 0.3 cm > molecule-',' in the 
range 985 to 1052 cm-', are reported. In fact, only 120 linea have been obaerved becauae 
aeveral liitea are blended by the n linea. 

III. INFRARED STl'DY OK THE r, BAND 
Experimental Proctdirt 

High reaolution infrared atudiea of the at band of ozone have been aparae becauae 
in the region where it occura the technology progreaaed aomewhat more alowly than 
elaewhere. Alao, in the tame region, the atrong at fundamental of carbon dioxide ia 
obaerved and ao it ia iteceasary to uae a vacuum apectrograph to record ita apectrum. 
In 1955, Nexaen (70) recorded the apectrum uaing a one-meter focal length Pfund-type 
vacuum grating apectrograph equipped with a thermocouple aa a detector. Although 
the reaolution waa not very high, aa mentioned in the above aection, Tanaka and 
Morino (9) were able to reinterpret hia data and thereby obtain a value for the band 
center. The preaent meaaurementa also used a vacuum grating spectrograph. However, 
it was possible to employ a liquid helium cooled Cle; Cu detector and therefore improved 
results were obtained. Actually, the reaolution achieved was about 0.1 cm~'. The 
spectral poaitions were determined relative to the absorption standards of carbon 
monoxide (77). The ozone sample was prepared by flowing dry and pure oxygen through 
a silent electric discharge. The gas was condensed in a liquid nitrogen trap and th.* 
ozone concentration was increased by pumping off excess oxygen. An estimate of the 
concentration of ozone was made using chemical methods. Figure 1 illustrates the 
obaerved apectrum which corresponds to the data of Table VI. The i>i band which is a 
B-type band shows an irregular structure with no distinct Q branch preaent. The linea 
indicated by an asterisk* in Fig. 1 are due to the COt preaent in the ozone sample becauae 
of reaction with the cell which is made out of stainless steel. Earlier measurementa (72) 
of some of these COf lines served as interrul standards in the measurement of the crone 
spectrum. 

• Conversion factors to obtain other inteniit / units are available in Chapter 4 of Molecular Spec- 
troacopy: Modem Research (K. Narahari Rao, Ed.), Academic Press (1976). 

' These asterisks are placed below the lead marks used for indicatini the serial numbers of the lines 
in Kif. I. They are somewhat difficult to locate in the reduced spectrum The extent of the COi inter- 
ference can be inferred from the Q branch region of the n band at 667 cm~'. 
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I hUt preiation of the ft Sirndure of Chotif 

Table VI gives the measured positions and assignments of some of the structure 
observed for the ei band * The basis of these assignments was the computed spectrum for 
the »t band. For these computations the energy levels for the ground state were obtained 
by using 107 microwave lines with J < 56 and A'_i < 8. The vi state levels were also 
calculated by making use of the microwave data discussed in Section I and of the band 
center already described in Section II. The relative intensities of the litres are also 
important parameters and they were calculated* according to the formula 

/, - 5tMp(-M’ '*r) - exp(-H-"*r)], 

where S is the calculated line strength of the transitions, H' and H" are the energies of 
the ground state and Z| state levels, respectively, and T is the temperature, set to 300 K. 
Table VT includes /, values also. About 950 lines in the observed spectrum have been 
identified in this manner with 7 values up to 46 and A'_i values up to 14 with /, > 0.4 
which corresponds to 1/18 of the interuity of the strongest line. The spectrum itself 
showed several other weaker features which were all documented by Hoh (/J). In fact, 
the serial numbers given in the 6rst column of Table \T were taken from Hoh's 
compilation. 

* In Tabic VI the oconr asaignmenu were omi'.ted whenever there was interference due to impurity 

lines of COi. Also, the assignments are given in terms of instead of used in the rest 

of the paper. Both these equivalent notations appear in the literature (see, for instance, R Narahari 
Ruo ill Physical Chemistry (D. A. Ramsay, Ed.), Series 2 Vol. 3, p. 34S, Butterworths (1976)). 

* Details of these calculations are available in Ref. (2). 
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Since the tunable diode laser spectroscopy in this region is progressing rapidly ( 14 ), 
before long it should be possible to record the band of ozone with a resolution of 
0.0()2 cm~' and improve on the present analysis. 
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NOTE 

Diodt Later Spectra of Acetylene; I't Region at 15 


in 197V. during the tally tiudiei of diode later tpccira in ihit laboratory (/) it became evident 
that uieful tpcctrotcopic information can be denved for the acetylene molecule and iti itotopic tpcciei 
even though only limited regiont can be icanned by thit technique In the prevent ttudy, the^ branchet 
of the Vi of '*C|Ht and "hot" bandt of ‘*€ 1111 , '•C'*CH|. and '*CiH|, all occurring in a natural 

sample of acetylene, were recorded and meatured by using a diode laser spectrometer. For wave- 
number calibration, lines from the s>, bands of HCN (2) and CO, til were used The data obtained 
are estimated to be internally consistent to within tO OOOt cm'* Id). Figure I gives an illustration of 
the spectra obtained along with a small portion of the grating spectrum <51. 

In obtaining molecular constants from the observational data, for the vi and 2i{ states of "C,H, we 
combined our data with those of Ref (5) This resulted in improved values for the band centers and 
some of the rotational constants Tables l-lll present experimental data and the molecular constants 
determined 

While treating the data fur lUl bands, we found it convenient to use the following expressions: 
Fur the P and H transitions of v, IM It 

vtml - (►. - fl; - ir. - H’,) f (B; * B; * Ur, * iH;)m * t«; - B: * D, * DUm’ 

* (-20; - 2P; - ?//; ♦ «rim* ♦ t-p; + f>; - 


For above tq and what follows below in Eq 2 

m • -7 for a /* line 


+ 3</f; -s //:im‘ ♦ I//; - //;im* •••. 


• J * \ fora/f line, 
and 

B. - B. - 1 1 '2k./, - 2iii * iqf'). 

B, ~ B, * ll/2)tq, - 2qi * 
n. • n, - ll/2it«/f - -fq"). 

/), - />. + (l'2Mqf - iqiU. 

- H, - tl/2lq". 

d.'2lq". (I) 

The meaning of the q constants has been given by Maki and l.idc thl 
For the Q transitions of the v, hand 

C>l7l - |vo + (q, - qi * q") - B, - ir, ~ H,\ * Ifl; - B, * 2D; * iH‘.){J(J * Ml 

+ (-/>; + d; - iHiHJHJ * n>) + 1«; - h;hj^j * m*|- 

From these equations we note that the band origin v,. has been identilied with » P ot R branch 
transition As a result, a ()l7i transition for a II •- i band is essentially shifted by (q, - qf + qi')- 


' Support extended this research by the National Aeronautics and Space Administration is gratefully 
acknowledged. 
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TABl.F I 

Wavenumbcr% (vac cm '( and Molecular C'oflaianit (in cm‘*l for (he Q Branch 
of the W Band of 


m.uii 
71*. 1101 
7N.14S* 
in.noj 

710. M4C 
710.4070 
71«.47a7 
71*.)S«1 
77*. 4407 
714.7471 
7 14. 0144 
714.4710 
710.044) 


> • a.' • 0,' « 4 • 714.1)434 t 0.00014 

Of I 


1^* - 1^** ♦ • 0. 0044^9 t O.OOOOOll 


TABLF II 

Wiivenumhcr^ (vac cm ') and Molecular C'ontlanu (in cm 'I for the Branch of the Band of 

and The » '» in columns 2. 4 and 6 are calculated valuer 


719. WJJ 
719.9491 
719.9429 

719.9) 41 
719.9224 
719.9099 
719. $969 
719.9619 

719.9) 09 
719.79)2 
719. 7491 
719.6949 
719.6)27 
719.5609 
719.4799 
719.)962 
719.2922 
719.1667 


714.01)4 

• 2 

717.4704 

717.44)1 

714.0140 

2 

717.4570 

714.0111* 


717.44)7 

714.00)4 

0 

71>.4)04 

714.441* 

0 

717.410) 

714.4744 

0 

717.74)1 

714.4)77 

• 1 

717.7))) 

7U.4))4 

• 1 

717.7144 

714. 4U1 

2 

717.447) 

714.44 74 

0 

717.4114 

714.41)7 

0 

717.5444 


WL\ I 

I D 



♦ 9^” ♦ 

719.95970 t 

714.0)1)0 t 

717.4745) 7 



0.000)7 

0.000)4 

0.0005) 

I ' 

t 


(. 1,072 1 . 
0.06M»10 

(. 1.145 7 
0.047)xl0 

(- 1.54 7 , 
O.UIxlO 


’ - D," 

0.5)5 * e 

(2.1147 . 

(4.55 7 . 



0.029)al0 

0.070)ml0 

O.lDxlO 

H ' 

t 

' • "r" 

(1.29) t , 

0.0)6)xl0 

(-0.41 7 . 

0.1))xl0 

(2.24 7 , 

0.25)xl0 











original page is 

OF POOR QUALITY 


TABLt III 


MuIccuUr CuAkianu of "C|Ht (in cm ') 


.^(0000®l* - 0000®0*\ • rjo.siltl ♦ O.OOOl* ►^(0000®I® - 0000®l‘) • TM.rtSM I O.OOOIT 


0 0 

eeeo 0 


0000®l' 


0000®J® 


• l.WMOt < O.OOOOU 1 • l,|Tt7M t 0.00001) I • I.IIIOOO I 0.00001* 

.*• 

D • (1.*10 I 0.007) « 10 D • (l.t)l t O.OD) s 10 0 • O.lfO I 0.0)1) ■ 10 


^ - 0.00*711 t 0.00001) II - (l.ll) I 0.0)*) I lO' 

® • (*.) * 1.)) ■ 10** 


Val«Mt talian froa R«f« (^)* 


Rapraaanc only aff^ctiy* cenicanca 


In the ca*e of the hand (1 — fl), f and M iranMiioni have been reprevented by 

ivm) « (»>, * tt". * r>', * H',\ * (/»; * B’, * 20", ♦ 3//;)m ♦ (fl; - a; - - f>;)m* 

♦ (-:/>; - :/); ♦ //; - 5«;)m> ♦ (-/>; * o: * 3//;im‘ 

+ 3(//; ♦ * (//; - HUm’ ■ (3) 

In ihiv cave, the branch (ranvitionv would be given by 

txyi • [y. - (ii; - n",' * y n-, * o; < H',\ » (a; - b; - zn; - iHUJU * ii 

4^ {-(O', - O",) y + I)* ♦ («; - y I)* (4) 

The reliability of the molecular convianlv given in Table* l-lll and the validity of the equation* 
tll-i4i were checked by calculating the wavenumber* of vome FiJ) and At^) line* which were 
alvo recorded in (hi* work. The obverved wavenumber* for fl(4) and fl(5) of the y, band of "CtH| 
are 7I9 740K and 717.3874 cm'', which agree well with our calculated value* of 719.7416 and 
7|7 3H73 cm '. revpeclively Similarly, for the ZyJ-yl band, the ob*erved wavenumber* of All) and 
fli3l line* are 717 6070 and 779 4612 cm ' and the correvponding calculated wavenumber* arc 
717 6069 and 729 4611 cm '. 

In concluvion. it may be mentioned that the avtrophyvical intereit in ihcve band* of CtH| wa* 
pointed out by Ridgway (7). who identified them in the infrared vpcctrum of Jupiter MeavuremenI* 
of inienviiiev of theve 15-Mm line* of acetylene have been deferred until we have accc*t to another 
diode laser operating at these wavelength* because (he present one ceased to function after the record- 
ing of the above spectra. 
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Acetylene Spectra with a Tunable Diode Laser: 

(t'4 + Branches of 

and ‘‘C’CH, 

S. Paodi RtDD\.* V. Mai ATHY Dtvi, A. bAiUACC i, W. Ivancic, 
AND K. Narahari Rao 

Orputimrnl of Fhstict. Thr Ohio Stair Um\trtil\ . 174 Writ IMlh Atmar. 

Columhai, Ohio 4J2IO 

The roiaitonAt itrveture of the ^ branchet of ihc (t>« 4 bandk Of "C|H| 

and "C'*CH, ai 13.7 ha» been obterved in a natural kainpic of acetylene by utinp a 
tunable diode la*er u a tource in a high rcMduiion infrared trating tpectrometer equipped 
with a precition grating drive. Altogether 23 Unct from 7 ■ 6 to 28 for "CfHi and IS line% 
from 7 • Mo 20 for "C"CH| have been tdemihed The obterved full width at half maximum 
of the revolved linet of the»e Q branchev i» very cloae to the calculated Doppler width. 
Molecular conuantk V, ♦ R'.ff - f>" - 20', O' - f)*,andW - /f* have been d^ved from 
the meavured l.ne potitionn of the rotational ttructurc. 


I. INTRODUCTION 

The objective of this paper is to report the observation and interpretation of 
tunable diode laser data for the rotational structure of the Q branches of the (s >4 
+ band of "CiHj and at 13.7 ^m. In recent years 

diode lasers have been in use for the studies of molecular spectra at Doppler- 
limited spectral resolution. The present paper not only confirms these findings 
but also provides an example to demonstrate the sensitivity of the techniqu ■ 
by observing the "hot" band of the carbon- 1 3 variety of acetylene occurring 
in the natural sample. The previous grating data obtained with a conventional 
source did noi have even an indication of this Q branch. 

A large amount of i'xr*erimental data on the high-resolution infrared absorp- 
tion spectra of acetylene ('*C|H 2 ) and its isotopic species using conventional 
thermal radiation sources such as a carbon rod furnace have been obtained over 
the past several years (see, e g.. Ref. (/)). In particular, in the spectral region near 
13.7 ^m the infrared active »<i(n) band of '^nd its five "hot" bands, 

and (i>, -f I's)®* have been studied in considerable detail by 
Palmer el al. (2) at a spectral resolution of 0.U4 cm'*. In the present study 
the high intensity and the narrow width of the modes of the PbSnTe tunable 
diode laser have made it possible to resolve and analyze the structure of the two 

•On vabbalical leave (1977-1978) from Memorial Universily of Newfoundland. St. John's, 
Newfoundland A IB 3X7, Canada 
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Q brap nfi of the acetylenes ”CtH, and “C''*CHt occurring in the spectral 
repiun 71, ^-716.5 cm'', both in a commercial sample of acetylene. 

II F.XPKXIMKNTAl. DFTAILS 

The experimental technique employed in the present investigation has been 
described in detail elsewhere by Reddy al. (J ). The tunable diode laser assembly 
used was supplied by Laser Analytics, Inc. A closed-cycle cryogenic helium com- 
pressor unit ctH)led 'he crystal ditnie, a cryogenic temperature stabilizer main- 
tained the required temperature in ihe range 10-100 K in the diode, and a laser 
control miHlule unit enabled precise current tuning in the laser thereby pro- 
ducing different laser modes or sweeping a given laser mode continuously 
through its lasing region. 

A 2-m focal length Czemy-Tumer vacuum spectrometer equipped with a 31- 
grooves/mm echelle grating having a ruled area of 23 x 12.5 cm* was used for 
the laser mode separation. With the help of a precision drive, the grating posi- 
tion could be set to match one of the laser modes and the speed of rotation of 
the grating conveniently adjusted so that it would efficiently synchronize with the 
sweep rate of a particular laser mode. A wedge-shaped KBr window was 
used as a beam-splitter after the exit slit of the spectrometer. The transmitted 
beam from the beam-splitter reached a liquid-nitrogen-cooled HgCdTe detector 
after passing through the absorption cells. The reflected beam from the front 
surface of the Iseam-splitter reached a second liquid-nitrogen-cooled HgCdTe 
detector aAer passing through an air-spaced etalon 30.09 cm long in order to 
produce a Fabry- Perot fringe pattern. The air-spaced etalon consisted of two 
CdTe plates mounted on t..- t):;rallel ends of a quartz tube spacer. The absorption 
spectrum and the Fabry -Perot fringes were simultaneously recorded on a chart 
paper with a two-pen recorder Tne fringe spacing of the etalon in the spectral 
region under study was 0.0I6.M8 ± 0.(KK)030 cm*'. The line positions of the 
acetylene spectra relative to the absorption lines of Ihe reference spectra were 
measured as a function of fractional fringe position. Spectra of acetylene in 
Ihe region 715.0-716.5 cm"' were recorded with an absorption cell 6 m long 
using gas pressures in the range 50- 170 ^m of Hg. In the spectral region investi- 
gated, four lines (^(2l)-(7(24) of I'j band of H'*C'^N with a sample path length 
of 20 cm and a pressure of about I mm of Hg and two lines (»', - i'i)P(7) 
and I’i 9(60) of '*C'*Oi with a sample path length of 1.4 m and a pressure of 
about 2 mm of Hg were also recorded. The wavenumbers of the acetylene 
lines were measured relative to the four Q lines of H'*C'*N, the positions of 
which were calculated from the rotational constants given by Maki {4, 5) 
and the vibrational band origin given by Yin and Rao (6). The calculated wave- 
numbers >)f (7(21), (7(22), (7(23), and ^(24) of the r-j band of H”C'^N are 
715.3307, 715.6474, 715.9779, and 716.3224 cm"', resnectively. The separations 
A*' = (7(7 + 1) - (7(7) thus calculated agree withm a few ten-thousandths of I 
cm"' with those obtained experimentahy in Ref (6) and by Wang and Overend 
(7). It is to be noted that the band origin of the t'j band of H'*C'*N deter- 
mined by Yin and Rao is 0.(K)2 cm*' less than that determined by Wang and 
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(•', ♦ BRANCHES OF "C,H, AND ■•C'CH, 


table I 


Wavenumbers (in cm'* vac.) of (he Q branches in the (i> 
bands of "C.H, and '‘C“CH, 


) C*s«trv*4 (At 

0(J) *v 


Overend and these two studies agree with one another within their respective 
uncertainties. Considering all aspects, the absolute wavenumbers of the acetylene 
lines given in Table I are believed to have an uncertainty of about ±0.003 cm"' 
at the most. The wavenumbers of (»t, - »/{) /*(7) and i<J Af(60) of '*C"*02 
calculated in a similar way are 715.3195 and 716.4285 cm"', respectively, whereas 
the va'ues determined by Gordon and McCubbin (S) are 715.321 and 716.426 
cm*', respectively. In the spectral region 715.0-716.5 cm*', in addition to the 
two Q branch lines presented in this paper, five absorption lines of acetylene were 
also observed. One of these lines was unambiguously assigned as the F{2) 
line of band of '*CjHa. The estimated wavenumber of this line in the 

present work is 715.2645 cm*' as compared to the value of 715.262 cm*' reported 
in the previous work (2). 

Ill RESULTS 

Observed Spectra 

A major portion of the spectrum observed for the Q branch of the (»«4 
+ band of '*CjH 2 is reproduced in Fig. 1. The vibrational assign- 

ment of this band was made with the help of the previous work (2). As 
'*C 2 H 2 has a center of symmetry (point group D,*) and the nuclear spins of 
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-0.0039 
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14 


12 10 8 6 

I I I I I II 



715.44)1 cm'' 715.499? cm'' 


Fici. 2. A portion of the observed Q branch of the (v, + v,)*’)!*) - vj'tri) band of '*C“CH, Also 
shown is the (>(26) line of the corresponding band of (Sample path length: 6 m; pressure 

of gav 160 ^m of Hgl. 


'*C and H atoms are 0 and respectively, the rotational levels with even 
and odd J of the 0001*^0 state have statistical weights 3 and 1, respectively (9). 
In fact, the observed spectrum shows such an alternation of intensity in the rota- 
tional structure of the Q branch (Fig. 1). In assigning the J numbers to the rota- 
tional structure the calculated line positions and the intensity alternation within 
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TADLE II 

Molecular constanis* (in cm"' vac.) for the (i-, + vif' - 
bands of “C.H, and '‘C’CH, 
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“0 * 


((!'-0')«l0‘ 

(M'.H')llo’® 

Std dtv. of fit 
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716. M09 
tO.0030 

•0.000068 
tO. 000006 

>1.876 
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).» > )0'* 


715.46S2 

»0.00$1 

•0.000076 
sO. 000009 

• 1.39 

t0.02 


3.? • 10'* 


*'h« valutf of vq * B" art obtaintd from a Uait-iquarts fit of tht obttrvtd data to Co- (I) ond 
thou of tht rtmalnlnQ paramtUri art obtaintd froti a t1*11ar fit of tv to Eq. (?). Tht trrori 
quottd art standard dtviationt 
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Flo. 3. A plot of 1) - (>(7)1 versus (7 + I) for the 

(V, + »',)"*li*) - i-l'dl,) band of 


ihe Q branch were taken info account. Altogether 23 lines from 7 ■ 6 to 28 
were identified for the Q branch of this band of For the resolved lines 

of this branch the full width at half maximum absorption is found to be 0.0025 
cm"' whereas the calculated Doppler width of these lines of at room 

temperature is 0.0017 cm"'. 

A portion of the spectrum of the Q branch of the (P4 +• band 

of is reproduced in Fig. 2. Although lines from 7 * 6 to 20 are 

identified, only the ones up toi * 14 are shown in this figure. As does 

not have a center of symmetry (point group C,r) no alternation of intensity is ex- 

pected in any given branch of a band of this molecule, and this is what in 
fact has been observed experimentally (Fig. 2) and was responsible for its identi- 
fication. The J assignments of the rotational structure of the Q branch of 
were confirmed by the rotational constants of this molecule obtained in 
the previous studies UO, //). 

The wavenumbers (in cm"'vac.) and the J assignments for the lines measured 
in this work are listed in Table I. 


Evaluation of Molecular Constants 

The wavenumlier data were fitted by least-squares techniques to not only the 
relation representing the QiJ) lines but also the le formula which can be 
readily represented, respectively, by the following equations: 





QU) - I'. + BVU + I) - I'*] - DV(J + I) - /'*)* + H'UiJ + I) - /'*)* 

- B’uu + 1) - /**) + D"\j(j + 1) - n‘ - Hvu + I) - n*. (I) 

Here »», » C#(t’',/') - G,(t’’,r) is the vibrational band origin, /’ - 0 for the 
upper 1 state, T > 1 for the lower fl state, and the constants of the lower 
state refer to the /-sublevels. 

A*- - 2\B' - B- + 2{DT* - D*/”*) + 3(//7'« - HT*)]U + 1) 

- 2[2lD' - D") + 6( //'/'* - H’D - iH' - H")VJ + D* 

+ 6(//' - //"HJ + D*. (2) 

The molecular constants so derived are presented in Table II. That the relative 
accuracy of the data is high is clearly indicated by the fact that the observed Ar' 
values could be reproduced to within a few ten-thousandths of a cm*' by the 
molecular constants (see also Fig. 3). Although the J values observed in the 
present work are not very high, there is definitely a need to include the H terms in 
Eqs. (I) and (2). 
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Interpretotion of the Acetylene Spectrum at 1.5 um 

A. HaU)A<XI and S. (iilKRSFm 

lir^tlmtHl tj Organu CkrmiUry, I'nirmUy af Vrnur, Cailf Ijurga S. Marla tIST, Vairzia, Italy 

AND 

K. \abahari R\o 

DrfarlmmI of Pkytift, Tkt Ohio Stair I'mirrsily, Coluitibai, Ohio, 43210 

Hands o( arrtyirnr in (hr region 66W>-frWiU cm*' rrcnrdrd with a high motution infrarrd 
i|ie( trugraph are auigned to tranaitions and molecular constants of the Irx-eli inx'oh'ed have 
l>een evaluated. 

INTRODUCTION 

This article presents an analysis uf the Irand systems ohst'iNed in the alrsor))lion 
spectrum of acetylene at 1..^ *im (Iteiween 6680 and 6460 cm“'). Numerous overlappinp 
Itands of Ixith and occur here and the interjtretation of the spectrum 

has Iteen done by adopting procedures descrilted in previous publications. These pro- 
cedures involve the use of graphical plots, examine tion of the patterns of intensity 
alternation, and evaluation of approximate vibratioi al term values. 

Figure 1 shows a reproduction of the acetylene absorjrtion spectrum ol»erxed in the 
present study. The conditions of the exjreriment along with the identifications of the 
different liands are given in the caption to this figure. The effective sjjectral resolution 
of the data achieved was almut 0.(W cm”'. .Mniut of the nearly lOflO lines recorded 
have lieen given assignments. The next section summarizes the results along with a 
discussion of some of the more imfxirtani asjiects of the spectrum. 


KKSUI.TS .AND DISCUSSION 

Main Fi'olures {Cumhinaliim Hands and Some ‘'Hot'' Hands) 

The vi + V) and »>i -f- a- + (ar -f ej)*' bands of originating from the ground 

state of this molecule represent the stronger alisorptions. They are the liands lalieled .1 
and in Fig. 1. The two bands centered at alxiut 6529.8 and at 6.'.^4.7 cm”' are, respec- 
tively, the “hot” liands ei -F i*! + »'i' — at' and »>i -F >'a + >' 4 ' — •' 4 ' of this molecular 
sfiecies. 

F'or all these four Itands, the present siad\ gives imjiroved values for the molecular 
constants of the levels involved in these transitions as comjjared to previous work in 
this region (/). The improvements reflect the lietter technology available at this time. 
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Other "Hot" Bands from the OOOBtT and (ttMMfP Levels 

The medium intensity Itand at 6567.2 cm~' Itelongs to a transition arising from a u 
state as shown hy the t\pe of the intensity alternation in the /? branch (no splitting 
was observed in the /’ branch): on this l^asis and in agreement with a vibrational 
calculation it was assigned to the 2001'0®«— (KJ00“1' transition. 

The medium- weak Iwind at 6606.5 cm~' presents the /-type doublets resolved in Ixith 
P and R branches with the intensity alternation for a g vibrational lower state and the 
constants are close to those measured for the 0001K)“ .state Qsee Refs. (-?, J)]. 
.Among the |>ossible transitiotu compatible by symmetry and expected to occur in this 
wavenumber range, the most probable one is the transition 002O’!' «— 0001*0® : in fact 
from Keller's results for 2t>i 4- k»* (■/) and from »»(' {2, J) a band origin at 6605.8 cm~* 
is calculated. 

Three additional weak bands were assigned as “hot” bands accompanying the main 
transition 110(11)+®*— OOOfW which absorbs at 6623.1 cm~*. The band at 6594.2 cm~* 
lielongs to a transition arising from the 0001*0* state and was identified as i»i + •>» 
4- (2('« -f ulii* — 1 / 4 *. By using the results at 5 (im (2), a second band (n 4- fj 
4- ( 2 V 4 4- v*)!* — 04 ') should be located at about 20 cm~* higher, that is at about 
6614.2 cm~*. The only absorption observed in this range is a weak badly overlapped 
l>and at 6616.6 cm~* which was tentatively assigned to this transition. In passing, it may 
he noted that the c and d rotational sublevels* of the upper state C(HB21)i*3 appear 
here much closer to each other than in the II states in general. 

’ It may l»« noted that the recommendation of J. M. Brown, J. T. Hougen. K.-P. Huber, J. W. C- 
John*, I. Kopp, H. Lefebvre-Brion, S. Merer, D. A. Kamsay, J. Rosta.*, and R. \. Zare [7. Mol- 
Spfrtrvsc. S5, .^00 (I67S)J designates the t and d laliels a* t and/ 





The bend at (i6UU.2 cm ' wa» attributed to the (110I2)n'*— (muri' tranaition. 
A value c4 about 6601 cm~* wan eatimated for the l>and origin on the banii of vibrational 
calculation!. The rotational conatanta, as well aa the type of the alternation of intenaity 
are in agreement with such an assignment for the lower state. No hand of a transition 
from the same lower state to the (11012)i' level could be identified. 

“ffot" Hands Ariiimt from Ike and «»(//)•• Slates 

The liand at 6502.4 cm~' was assigned to the 2/ 101 2M^ *— ()0(»2'(l^ tranaition 
(ei + •>• -f 2 i>«* — 2o4*) on the basis of the aftpropriate term values known from the 
literature (1012V given by Keller (4), and (XN)2*0* quoted by PKva (5)). It may be 
recalled that although the type of alternation of intensity agrees with a g vibrational 
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TABLE V 

Wtvrnunilicrt (vmi cin''') ul tbr KotmtiontI Struc lure of X.«i *— A«.a) Bandt of 
“C'lHt ^Eatimatcd Accurar)’ at Data: ^0.005 cm~‘) 
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lower state, a ilieik l>\ the H" and D" eunslants c»)uld not lx* made since they are not 
available at this time. The corresfmnding *— transition (v\ + n + 2v^ — 
has been tentatively assigned to the nearby weak band at 65(XV6 cm“* liecause only 
higher order terms are resjmnsible for diflerent sfieclral positions for the two vibrational 
transitions and they are known to l>e rather small. 

From a rotational analysis of this liand a set of molecular |>ara meters is obtained 
and they give rise to an unusually large splitting Itetween the c and d components both 
in the upper and in the lower states. It may !« noted that ,’nncs (d) also obtains from 
uv data similar results for the 0002^»" state. 

By comparing the slwve mentioned *—2:*^ and ^ transitions, it may be 
noted that the ^ 2* separation in the upjjer states is 4.2 cm~', which is of the same order 
of magnitude as that quoted for the lower states (3.1 cm~') (5). 

The two bands at 6512.7 and 6513.3 cm~' are, rcsi)ectively, assigned to the l()l(l'’2"«— 
(KX)0®2“ and 1010‘’2* ♦- 0000“2’ transitions. Such an assignment can also be supported 
by an approximate vibrational calculation.' These two bands arc distinguished from 
one another by consideration of the intensity alternations and the molecular constants 
of the lower lewis. 

It is of interest to note that in this case the separation between the 2"^ and A levels 
is 14.4 cm~' for the upper states 10KF2® *. This may be com|)arcd to the value 13.9 cm~‘ 
found for the (KXK/*2" ' levels (i, 5). It may be recalled that in the previous section the 
^-2**^ separation was found to be 4.2 cm~‘ which is an order of magnitude lower. That 
means gn > g »4 which agrees with Ref. (5) 

“Double hot” bands can also arise from the (t >4 + levels, .'\gain, by an 

’ »»of »i + •’I " 65.S6.5; rtof ri + ri + n' — rd • 6534.7. The difference of 21.8 cm"* ^ — (in + in). 
Therefore, rt of (rj + ri + 2r* * — 2r.*’’) r# of (»i -t- ri) -f 2(lu + T»») a: 6.S12.9. 
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appro.ximate viltralional lalculation* they can lie predicted to ue located at alxtut 6508 
cm*'. Out of the three hands li, *— Aw. S,"''*— Sw"*", 2,“«— 2w~ allowed by symmetry, 
two coultl t)e liKated Ixtth at a wavenumber value slightly lower than that exjiected. 
The lirst of these {w ” 6506.9 cm*') arises fntm the 000(11).,.® level according to the 
alternation of intensity of the rotational lines and to the value of B", and therefore it is 
assigned.to the flOllli/*— (0fX)ll)+.® transition. The second one (v« - 6504.9 cm*'), 
which arises from the (00011)* level has been assigned to the ( 101 11)*<— (00011)* 
transition. The separation between the 2+ and A states is 17.7 cm*' in the upper state 
as compared to the value of 19.4 cm*' found for the lower state (5). 

* »* o( vi + vj “ 6556.5; r* of i>i + »» 4- »«' — »«' ■“ 0529.8. The liiiTerenie of 26.7 cm'' 

— — (.Cl* ¥ rj 4 >. (fii 4- r»i) « —21.8 (!>ce foulnotu 2). Therefore, i>» of (», 4- »i 4- (»♦ 4- rs) *./.”•* 
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VIBRATIONAL LEVELS OE ACErrVLENE 

Table 1 lisu 15 vibralional levels of the molecule referred to the ground 

vibrational state which were obtained by the (iresent analysis. Although a few of thiiw 
were previously measured, all were reported here because of the better resol’.iimn 
achieved in the present work and the internal consistency of the data. The molecular 
constants for these levels are |>resenled in Table II and the observational data along 
with the assignments are given in Tables lll-V. The data for the higher vibrational 
levels of acetylene like the ones obtained in the present study should he useful for the 
force field calculations of the t>T-e discussed by Strey and Mills (ff). 

BANDS I’ERTAINING TO ‘•C“CH, 

.Although the concentration of the isotopic species in the natural sample is 

only around 1%, there were obser\’ed, measured, and assigned a few sequences lielonging 
to such an isotopic variety. Of course, no alternation of intensity was either exfiected 
or observed in the rotational structure. The ri + ei and 2i<i l>ands were already mea- 
sured by using an enriched sample (7) although the basic ol>ser\’ational data for the 
Irands wer< noi given in this ftublication. .As far as we are aware the n -f- »>• ■+■ r*' — ri' 
Irand was measured here for the first time. The wavenumbers of the individual lines 
of all the three liands and the siieclroscopic constants determined from these data are 
summarized in Table \'l. 

ASTROl’HNSIC.AI. INTEREST OT AfETVLENE 

In recent years the acetylene sjiectrum in the infrared has assumed much astro- 
physical imiKirtance. In 1974, from observations made in the lO-^m window acetylene 
has lieen identified as a constituent of the atmosjihere of Jupiter (V). .Alxiut the same 
time, it has also lieen identified in the spectra of stellar photospheres; from obserxations 
made in the photographic infrared, bands of “f'lHj have been identified in carbon stars 
by Hirai (/O). In addition, the strong absorption features in the spectra of carbon 
stars at longer wavelengths as, for instance, at i<m may be, at least in part, due to 
acetylene (//). To maintain consistency in the notation as compared to current labora- 
tor>’ studies (/2), the “CjHj binds at 9802, 9668, and 9603 cm“* would, resjiectively, lie 
due to the transitions 2011‘0“-0001'0", 1H2«(7' mmf, and 0031'0"-0001'0" instead of 
as indicated in Ref. (/O). 
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The prcviouily reported (J. Moi. Spectrttsc. M, 195-222(1977)) Mudy of the CH,D spec- 
trum occurring at 10))- 1270 cm'* which was mainly concerned with the u, fundamental 
has now been extended to cover the region 1270- 1420 cm*'. In all. )42 transitions belonging 
to the s>i band are now assigned Both the v, and v, bands are processed simultaneously 
taking into account of the Coriolis interaction between them, and the fitting of all the experi- 
mental data led to 21 significant spectroscopic constants for the states v, - I and t’« “ I 
of CH,D. 


INTRODUCTION AND EXPERIMENTAL RESULTS 

In a previous paper (/), the absorpti->n spectrum of "CH,D was investigated 
in the range 1033- 1270 cm"'. The perpendicular-type p,(E) band, responsible for 
the absorption in this region, was analyzed up to7' ■ 17. A second-order Coriolis 
interaction with the parallel-type vj(A,) band was expected to perturb transitions 
/’/»(7.|E|). and m7,|A' linear |A| - 13, 14. Unfortunately, such 
transitions were generally too weak in our spectra of to be observed or un- 
ambiguously assigned. On the other hand, the same perturbation was predicted 
to be observed in the P 3 band for lower | A | values, the subbands |A | * 10, 1 1 be- 
ing expected to be the most perturbed. 

In the present paper, the investigation of the spectrum of '*CHjD is extended 
to the range 1270-1420 cm*', where the absorption is mostly due to the Pj band. 
The investigated spectra are recorded with a resolution of about 0.04 cm*' (2), 
which is better than previous recordings in the same region (3,4). 

A reproduction of this spectrum is given in Fig. I, which can be added to Fig. I 
of Ref. ( / ) to get the overall absorption of '*CHjD between 1033 and 1420 cm*'. 

The identified transitions of Pj run from 1155 to 1420 cm*' with three very strong 
absorption peaks in the Q branch at 1303.898, 1305.709, and 1306.771 cm*'. The 
high frequency side of the band is progressively overlapped by the very strong Pi 
band of H,0, and also by transitions assigned to the p^ band of '^CHjD. In addition, 
lines belonging to the p« band of '*CH 4 are also identified throughout the spectrum 
showing the presence of this molecule as impurity in the gas sample. 


0022-2852/8(V0l00) I- I6S02.(XV0 
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from 1270-1420 cm~'. The reproduced spectra were recorded with the gas sample cotMained within a l-m-lenflh 
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VIBROTATIONAL ENERGIES IN v, - I STATE 

As expected, (he treatment of the band alone, without vibrational interac- 
tion. fails to fit the data within experimental uncertainties; in fact, anomalous 
deviations occur even if vibrational corrections to the fourth-order distortion 
constants H and A-type resonances are considered. As discussed in Ref. (/), 
the Coriolis interaction with the v, band is responsible for at least a part of the 
observed discrepancies. 

The firsc-order term of this interaction, i.e., 

(t, - I. c. - O.y. K. U - Ol//|i;, - 0. t), - l.i. A ± 1./, - ±1) (I) 

connects levels V|A| of i;, * 1 to the two Coriolis components of * I. the 
coupled levels being roughly spaced, in terms of |A|, by 

A£7 - 131 ± 3.5|A| (in cm") 

for the positive and negative component, respectively. 

For (he second-order term, i.e., 

( * 1. i;» “ 0, J, K, /« - 0|//|i’, “ 0, c, ■ \,J,K ± 2, /, ■ 3-1) (2) 

the corresponding spacings are 

St} - 128 ± ll.7|A| (in cm"). 

Higher order terms can be neglected for the present purpose. 

The spacings A£r and St} remain large for any observed value of |A|, the 
spacing A£f rapidly decreases when |A| increases, thus making clear the 
possibility of a “second-order level crossing" between the two rotational 
series of fj » I and - I, for |A| between 10 and II. 

Now, if the Coriolis interaction between - I and the other near degenerate 
state V} I is considered in a similiu* way. using a preliminary analysis of the 
i/, band, the related quantities SEf and SEf are found to be 

A£T - -169 5 : 3.5|A| and A£,“ » - 165 ± 2.7 1 A | (in cm") 

showing that no level crossing between rotatioiial series of Uj * I and rj = 1 is 
expected before |A| * 30 (for interactions up to second order). The same situa- 
tion holds for interactions between « 1 and t’s > 1. 

So. a convenient model for available data is one in which the Coriolis interac- 
tion between » I and t>« >« | is treated exactly, all other vibrational interac- 
tions being calculated as usual by perturbation. The computational procedure 
used in the present analysis consists of the same three steps previously described 
for the treatment of the v, band alone (/), except that now the data on v, 
and are analyzed simultaneously. The energ'ts for Oj » 1 and i'« » I states are 
obtained as eigenvalues of an effective twice transformed Hamiltonian 
diagonal in v„ except for the two elements (7) and (2) mentioned above 
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(5). These elements, expanded up to quadratic corrections in J and K, have 
the following general expressions: 

tU. i;,. + 1. r, - \,J,K * 1 , 1 , ± 1) 

- Hvn + IHt>, y /,))'* X \/JU + \)- K{K ± l)(C,V i C,\UK ± I) 

+ o,TnJ + I) + * D* + r,n 

- (r, + I. i;, - 1. y. A i 1. /, ± I |!';\»,i/*/hr It;., i;,. J. K, /,). (3) 

Coefficients C*,',’, C|V, and C|V’ (« - a, h, or c) originate with first, second, and 
third order terms of the Hamiltonian, respectively. C,V has a well-known expres- 
sion in terms of molecular parameters, i.e., 

C". - ^ X ^ 

" 2 

where (4,, ■■ {J,, - -{S,.) 

(IV. v„J, K,l,\\Z..Jt*/hc\vn + I. i', - l.J.K ±2,1, ^ I) 

- ♦(Uv IKt', ± /,))'* X {JU -I- 1) - A(A ± l))'*(y(y + 1) - (A ± 2))'* 

X ICiV + Ci=|’(2A ± 2) -t- + 1) + Cif'(2A * 2)* -► Cif’l 

- (IV + I. f, - I. y. A i 2. /, ? I |!t.'..,y/Vhr |iv. v„ J, A. /,). (4) 

Coefficients Of,', C*tV> ^nd C'lV (' ** o, h, or r) originate fr )m second, third, and 
fourth order terms of the Hamiltonian, respectively. Of course, any analysis does 
not allow us to separate the constant Ci?"’ from C',V in Eq. (3), and Cif from 
CiV in Eq. (4). 

Expressions (3) and (4) assume for basis eigenvectors, the phase conventions 
defined in Ref. (6). 

Besides the vibrational interaction terms given by Eqs. (3) and (4), the energy 
matrix includes of course the usual essential resonances within Cj » I 

and f, !• The related terms, i.e., ‘*2. 2,” "I, -2.” **3. 0,” and ‘*4. -2" are 

expressed elsewhere (/, 6). 

RELATIVE INTENSITIES OF LINES 

The met nod described in Ref. (/) is extended to take into account transitions 
going up to levels with t;j » I besides c« 1. The leading operator of Mt 
responsible for all investigated transitions may be written as 

(Wx)j. - </«(cos (Z.jrtofc, + cos (Z.yV/«, -i- 03., cos (Z.zk/jJ (5) 


The coefficient p,.., as well as the eigenvectors arising from the diagonalization 
of the matrix involved in the calculation of the relative intensities. 

The values of these intensities are obtained in the same arbitrary scale as in Ref. (/ ). 
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S 

s 


4? 

1400,4414 

1400,444* 

ss 

0,1*77*04 


• ST 

001 s. 

Pf4*» 

s 

B 


41 

1400,4414 

1*00,444* 

ss 

0,7*17*04 


• ST 

OOl 4* 

4fP 


4 

4 



1400.4414 

1490.4*01 

-14 

0.41*7*04 


• ST 

O^'l 1S« 

14.r 


1* 

14 

14 


1400,4414 

1190.040* 

-SS 

0.44*7*04 

0 

• S» 

0^1 s» 

s*f 


S 

S 



1400,4*04 

1400. 0(4* 

IS 

0.41*7*04 


• ss 

OOl 4f 

• •4 


4 

• 



1404,04*0 

1404,0141 

14 

0,4«*7*04 

#1 


001)4* 

IS. 4 


14 

IS 

14 



1494,14*0 


0.4*77*01 

0 

• 4" 

OOl s. 

T,f 


T 

T 



1404,1400 

1404,7044 

IT 

0,1*47*04 


• 41 

oot •* 

• *c 


• 

• 



1 404,4*4* 

1494, *74* 

PO 

0.1*47,04 


• 41 

OOl •• 

4f4 


4 

4 



1404,40*4 

1 404,0**0 

PS 

9.7»*7*04 


• 4S 

o^hOb 

lOfP 


10 

lO 

14 


14"O,01*4 

1404,**** 

ss 

o,*o* 7 *»i* 


• 4S 

OOMIt 

11. P 


11 

11 

11 


1490.440* 

149*. 441* 

PS 

0 . 4447 * 0 * 


• 4T 

OOI1?f 

IP. 4 


11 

IP 

1’ 


1400,4*** 

140*. 41*1 

PO 

O.»*07*0* 


• 44 

00I1S, 

M.f 


IS 

1 S 

14 


140*. 1**1 

140*. 1*41 

• 

0, 1*47*0* 


• 4S 

O-'IU* 

14ft 


14 

« 4 

14 


140*, 010* 

140*. 4*0* 

sp 

0,10*7*0* 


• •1 

OOIISr 

14. 4 


IS 

IS 

14 


mo. 104* 

1410,0*0* 

IP 

0.1047*0* 


• 44 

041 0« 

0|41 


1 

0 


4} 

I414.4140 

141*. *014 

IS 

0 , 4 * 47 * 0 * 


• •) 

o»c t# 


1 

0 


41 

1411.4*40 

1471.44*1 

• 

0.t**7*04 


144 

041 1* 


1 

2 

1 



14*1.0*04 

14*1,0*14 

0 

0,1047*04 


•14 

04 1 >• 


1 

s 

0 


41 

14*0. *041 

147*. *4*4 

T 

0.1017*04 


•It 

04| 1* 

(•r 

I 

s 

1 



147*. 04*0 

147*. 0417 

P 

0.14(7*04 


• Pt 

041 P# 


1 

s 

p 



14|*,*40« 

147*,*l9r 

f 

0.10*7*04 


444 

041 


4 

0 


41 

1444. *4*1 

144* ,*'« 1* 

• 

0,7*17*O4 


44T 

0»f s, 


1 

4 

1 



14 40 •'.*** 

|4'}»,0*4r' 

• 

“’,44»< .0* 


444 

041 S# 


1 

4 

p 



144»,*100 

11 lO.ti!** 

4 

9.1»*7*04 


441 

041 Sr 


4 

s 


41 

14 

1 440. 4*** 

4 

0. *0*7*0* 


• SI 

041 Sf 


4 

s 


41 

• 'OO ,*44* 

1440. *«0* 

4 

e.«**7*o* 


4TS 

0*1 4f 

9i*M 

S 

0 


41 

1*»1.4»41 

14*7, 4*0* 

(1 

0 . 1 * 07 * 0 * 


4T4 

041 4* 

Uf 

1 

s 

1 



14*7.0440 

14*7. *44* 

•4 

9.2*17*0) 


•T4 

04f 4f 

».e 

» 

s 

p 



14*4. *114 

14*1.7141 

-S 

0.71)7*04 


4T4 

04| 4# 

^t*ii 

s 

s 


41 

14*4.4(1* 

14*1.7(44 

-S 

0.1447*0) 


4T4 

041 4b 

it*fi 

s 

s 


41 

14*4.4(1* 

14*). 4*** 

-S 

0.1)47*0) 


441 

041 4b 

*>r 

1 

s 

4 



14**. 4**4 


T 

0.***7*0* 


1400 

041 Sf 


4 

0 


41 

14**. 4*** 

1«44f40AT 

-M 

0,4*07*04 


1001 

041 Sb 

i«r 

t 

4 

1 


r 

14**. 4010 

1S44,S1TT 

•IS 

0,1)17*0) 
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!***.«*1* 

-f 

0.774f»O4 


1»40.*0** 

-71 

0.I84P488 

40,^tT« 

1*40. *0*7 

•ff 

0.1 •*7*04 


1*41. I«6* 

-4 

o.i*oe*o4 


1*42. 7» 0 

4 

0B8T48484 


1*44. •••> 

1 

0*74lf4^1 


nil, MIT 

-4 

0*71*r481 


1*4*. *71* 

0 

0.717f*04 


1*4*. •*•2 

-12 

0.14*J*04 


1111.884« 

-n 

0.18Tf4M 


1*47. »*04 

•8 

8.14TF411 


1*4*. 6*0* 

•4 

O.101f*04 


)4M.4TTB 

-T 

R.107r488 

<r,«o*« 

114?,»08» 

-4 

0.71*9*04 


1**7. *1** 

-1* 

0.?0*f*04 

8»*40«0 

1**2. **7* 

-Tf 

0.1*49*04 


n«i.nio 

n 

0.17*9*0* 


n^i.niA 

12 

0.17*9*04 


nA1.84tO 

• 4 

0.14*9*04 

*«.*')*0 

n44«M81 

-4 

0.1109*04 

66.I061 

1***.114* 

-♦ 

0.14(9*04 

8T,4«T% 

1*67.4*14 

1 

e.iiif404 


1^48. B414 

«, 

e.tT8r#81 

6«,4a4i 

1***.**4* 

8 

0.1749*04 


t4f8,8n» 

•8 

©•nir^oi 


t848.11M 

•1 

0.1409*04 


n4««i400 

•4 

0.1409*04 

Te.OTM 

1*70. 0*01 

-8 

0.12*9*04 


nTl.flITT 

-8 

o.me^oi 

T2,»»?^ 

1*77.2141 

T 

0.14*9*04 

5^14 

nTI.ATOI 

10 

0.4119*0* 

t4 4^01 

t«T4.44l4 

8 

0.1429*04 

If «54A0 

1 17*. 4**7 

0 

0.1*49*04 

•4«R4‘>* 

n^4,8144 

11 

o#nir^«i 

•»a.»6aa 


-T 

0«748F4^4 

■»«,<T11 

n^8,4?4» 

-T 


T^.^Tt! 

nT«,«T4> 

-4 

0.1719*0* 


n'»4,nn 

1 

0.1079*04 

TT.0'2^ 

1*77, 0**1 

•6 

0 « 80 nf 414 

T4,lt44 

1 87«.iin 

-1* 

0.1**9*0« 



T 

rt,17>F4<^8 

4''*B4'>4 

1 ** 0 . ’”« 

1* 

o.n^f4''» 


1*S0.*7<)0 

7 

0.10*9*0* 

4'',^t4» 

1**0,**** 

10 

O.lOlf.** 

• l.!**>’ 

1**1. 1*»4 

-8 

ft.874C4l4 


1*«1.7*1' 

1 

f).811F4'>4 


1**1.7*** 

7 

0.814F4O* 

42.074* 

l«8T,0«Trt 

1* 

8«874r4^« 


ni?.444l 

-*i 

0,1178404 

4».*62« 

1*42. *774 

14 

0.7709*0* 

84*044^ 

!8§4.04<>i 

-11 

0.11»9*o4 

84.1844 

1*9*. *0*7 

-17 

O.**09*0* 

•6.724A 

nii.TisT 

IS 

0.77*9*0* 

«»,474* 

n86.T084 

18 

o.Toir^'u 

•6.0*20 

1*1*. *0*4 

-1* 

0*Tl4r404 

t6.«40* 

1*(*.«**7 

-1* 

0. *7*9*0* 

• 7.M** 

1*«T.104' 

i2 

0.61*9*0* 

|7.1t7* 

i**T,noi 

7 

fl.*(*9*0* 

•7.i*2* 

1**7. 4117 

0 

0.61*9*0* 

••.’2*7 

l**l.7701 

4 

0.4*19*0* 
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(i.r^^f**** 

o.4''*r*n4 

0.4T*F*04 

a,4««r»04 

9.1»0f*04 

o.ii»«r»94 

9.44''r»''4 

o.u'»r»«4 

9.|T7f*04 

9,^4«f»04 

9,<4ir*94 

9.11<>t*0* 

9.jn»*04 

9.Mfr*94 

9.419^494 

9.9611491 

9.?«7f404 

9.}61f4n4 
9,1149494 
0,4 '494 

", 19"<!494 
9,1669404 
9.9;«r494 
9.4»lf491 
9.7119494 
9, 7119404 
0.7919494 
9.7019494 
0.1119494 
0,1619494 
0.1669404 

0,7799494 

0.6169491 

9,7649494 

0,1719491 

0.1749404 

0.7719491 

0.1179404 

0.1169494 

0.11’9404 

0.1749404 

0.1749404 

0.1019494 

0.1119404 

0.1049404 

0.716949* 

0,10*9*06 

0.16*9*01 

0.167940* 

0,7719*01 

0.60tC»01 

0.7619*01 

0.6719*91 


11*6,77*7 1**6.7476 
1**4.6617 1*64,6*16 
1*69,7100 1*60,7*47 
1*61,11*7 i**l,14'4 
1**1,6174 1*61,44*1 
1*67,91*7 1*47,9*76 

1**7, *41* J74*,4*47 
1*47,6*94 1*67,794* 
l**7,*4l* 1**7, 6*0» 
1*67, 6*1* 1*67, 6*66 
1***,4**1 t***,«7** 
1*44,47*1 1**4, 466* 
1164,47*6 1*64,4779 
1**1,1761 1**1, 1*7* 
1*64,171* 1**6, *711 
1**6.6179 1*44,6177 
1**7,1667 1*67,40*1 
1*67,7*** 1**7,709* 
11*7,6441 1*67,46*1 
1**6, **40 1**6,*6*1 
1**6, *7*1 1**4,4774 
1**6,4771 1**6.4667 
11*6,4771 1*44, 4416 

1*66.1796 
1 * 99 , 91*7 1 * 00 , 0*77 
1*99,1*7* 1*99. «*l* 
1401.1*74 1401.1644 
1*"7,*7*6 1*97, *767 
1497.1100 1*"7.4*6* 
1*9*. 1*1* 1*01. 1*71 
1*9*. ii:* 1*9*. 1*16 
1*9*, 7**9 1*0*.76«6 
1 * 01 , 11*1 1 * 0 *.**** 
1*94, 9«44 1*04,0*74 
1*04,91** 1*04,07*7 
1*"4.01*4 1*04.017* 

1494.711* 
1401,647* 1491.4**6 
1401,6**4 1*01, *744 
1496,7**6 1*94,716* 
1*94,7791 1*04,7470 
1497,1677 1*97,1911 
1*96,11** 1496,074* 
1*96, *7*7 1*96,41*7 
1*04.7770 1*04,7*17 
1*96, 77*> 1*96, 6*70 
1*06,9*71 1*06,17*7 
1*9*, 1*74 1*96.167* 
1*06,1*76 1406.6110 
1*96,7716 1496,4*17 
1*19.7171 1*10.7*6* 
l*;i,1406 1411.16*7 
1*11.140* 1*11.1141 
1411.66*1 1*11.4661 
1*11,7177 1*11.717* 

1417. *046 1417.7767 
1411.6711 1*11.6104 
1614.1771 1*14.7111 
1*14.1071 1*16.1*11 
1*14.4411 1614.1117 


1161 0*110. 6,6 I 

1146 o*rii . *.* * 

1146 O6M0.10.6 I 

1170 O* 411, 7,6 I 

117* 06(17» 0.41I 

117* 0*(l>t 1.6 I 

1171 96I17, 7.6 I 

1176 0»m. 6.6 1 

1177 94II7. *.*1l 

117’ 0*117. »,l*t 

11*1 0*11*. 4.6 • 

116* 0*111. 6.6 1 
1161 06117. l.r I 

11*’ 06ll». 6.* I 

11** "*111.19.6 I 

11*1 0*tl7. 7,r * 

11*6 0*11*. 9,»7( 

11*6 o*ei*. 1.6 I 

1701 0*11*. 7.r 1 

1797 0*M». *.» t 
1701 0 * 11 *. *.»»! 
1791 0*(1*. *,»11 

1701 0*)ll.ll.t I 
0*11*. 6.6 1 
i7«6 o*M*. l.r t 

1797 0*I1». 6.4 I 

1710 0*(1*. 4.4 I 

171* 0*11*. lO.f 1 

1711 0*11*. 7,f 1 

171* 0*11*. 0.411 

171* 9*11*. 11. r 1 

1770 0*11*. 1.6 I 

17*7 0*tl*. ?,r I 

1 ? •* 0 * 1 1 *. *.*1 1 
17/4 0*11*. *.*>1 

17*6 0*11*. 6,7 1 

0*(16, 4, 6 I 

1776 0*114, l.r 1 

1777 0*11*. 6,4 I 

1’76 9*117,17,4 ) 

17*0 9*114, 4.4 t 

i7*r 9*11*. 11, » 1 
17*1 0*114, 7,» ) 

17*6 0*11*. lO.r » 

1716 0*111, 9,»», 

1716 0*111, l.r 1 

17*6 0*111, ».r I 

1741 0*111, *,*»t 

1741 0* 11, *.»ll 

17*7 0*11*. 4,r 1 

17*1 9*111, 4.7 1 

17*6 0 * 111 . 4.r I 

1741 0*11*. .7.6 I 

1711 0*114. *.* I 

1711 0*114,11.7 1 

171* 0*111, 4,4 I 

1716 0*111. 7,7 1 

1761 0*116. 0.611 

1767 0*116. l.r I 

17*1 0*11*. 10, r I 
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Ml 

Ml) 


MM) 


< IVI 

tvi 

tVI 1 

IVM 1 

IVIIM 


04|I4< 7tf 

1 

IT 7 

f 

F 


1414,6761 


0.746F706 

s.e 


fWM16* 6tA11 

IT 1 

6 

67 


1416,0664 


0,774F406 



*)6<16t %b6FI 

IT 1 

6 

61 


1416,1176 


0.776F406 

e.e 

1746 

06116# •#? 

t 

14 4 

6 

r 

1616.)676 

1416. 7ii7 

44 

0.416F706 

.0,0 

174T 

06<|6#1Ft6 

1 

11 17 

1? 

6 

1616«7666 

1416,7664 

-70 

0.460F406 

1.0 

I7sr 

06116# 6#r 

» 

IT * 

6 

f 

1616«7666 

1416,7100 

-11 

0.474F406 

1.0 


06|16#11#r 

1 

14 11 

11 

r 


1416.6616 


0.741F406 

0.0 

I7M 

06116# 6#C 

1 

IT 1 

6 

r 

I616.6677 

1416.6667 

-77 

0.417F406 

1.0 


06|1%# 6,i 

1 

14 4 

• 

6 


1417,4064 


0.641F4O6 

0,0 

17’S 

06116# 6#6 

1 

IT 4 

6 

6 

16|T,6116 

1417,7767 

66 

0.106r404 

0.0 


06116# ^#r 

• 

IT T 

T 

r 


1416.1647 


0.441F406 

e.e 

17»l 

06l16#1F#i 

• 

11 17 

17 

6 

167( 

1470,7764 

46 

0.441F406 

0,0 

1741 

06M6#10#F 

I 

14 10 

10 

F 

1670#6P67 

1470,6171 

47 

0.766F406 

0,0 


06116# 6#F 

• 

IT 4 

6 

f 


1470,6776 


0. 6767406 

0,0 

1741 

06116# 6»A 

1 

IT 4 

6 

6 

1676,1616 

1476,1404 

61 

0.477Ftn6 

0,0 

1741 

06I16#1?#6 

1 

IT 17 

17 

• 

1676#6767 

1474,6467 

-16 

0.604F406 

1.0 

1191 

06(16#l0#p 

1 

1'/ 1" 

10 

F 

1676.6666 

1476.6714 

-16 

0.177F406 

1.0 

vi t4»hmtio 41 4rwi» Asiicwo 








1 

16 6 

6 

6 

1066.6164 

1066,6776 

•6 

0.411F406 

1.0 


•6M6#1»#6 

f 

16 11 

17 

6 

106 * .6646 

1067,6641 

-76 

0.477F406 

0,0 

67 

66( i6#io#r 

1 

16 6 

10 

F 

I066.6416 

1066.6667 

-11 

0.444F406 

1.0 

Tt 

66|16#11#F 

I 

16 10 

11 

r 

1076.0416 

1077,0664 

-66 

0. 464F406 

1.0 

66 

•6 1 1 6 . 1 » * • 

1 

16 11 

17 

4 

1077,6747 

1077,7664 

-14 

0.7646466 

1.0 

6$ 

66ii6#n.r 

1 

16 17 

16 

r 

1061,6464 

1061,6716 

-61 

0,6/67406 

1.0 


•6«16#U *r 

1 

16 10 

11 

r 

1047,4441 

1067,4070 

-47 

0.7777406 

1.0 


66(l6#1>#i 

1 

11 11 

17 

4 

1066.6474 

1066,674' 

-74 

0.1467404 

1." 

n) 

•6I16#16#F 

1 

n 17 

n 

e 

1061.6666 

1061.6677 

7 

0.417F401 

1.0 

1^6 

66(l4«16#if 

1 

16 16 

16 

r 

1067.6666 

1067,6764 

-44 

0.46/7406 

0,0 


60U6# A#r 

1 

16 T 

6 

r 

1176,6776 

1176,4016 

• 76 

0.7647 #06 

0,0 


pof n#io,r 

1 

16 f 

10 

r 

1167,4416 

1167.4167 

-64 

0,7667406 

1.0 

616 

60I16#1?#4 

1 

16 11 

17 

4 

1167.4664 

1167, 41?6 

-46 

0.6767406 

0.0 


rf;sults and discussion 

All experimental data assigned to the t'j band of "CHjD are listed in Table I, 
column IV. t'« trans'*ions involving upper levels near the crossing, which could 
not be identified from the separated analysis of the v. baud are now reported at 
the end of Table I. Serial numbers of column I refer to the numbering of the lines 
in Fig. I oi the present paper and in Fig. I of Ref. (/ ). Assignments and specifica- 
tions of the upper state levels of the transitions are reported in columns II and 
III of the table. 

In all, 342 transitions belonging to i', are retained to be fitted besides 641 
transitions previously assigned in Ref. (/), or newly assigned in the present 
paper. Statistical weights equal to 1.0 are attributed to all data. For transitions 
going up to levels with |A - /,| * 0 or 3 for i’« » I, and with |A| » 3 for 
t), * I, A, A, splittings are theoretically predicted, which corre? <1 to ob- 
servable effects; then, weights equal to 1 .0 are assigned to each con cnt A , — * 
A| and A,-».4,. For transitions going up to levels with |A - /,| « 6, 9 
(/, = 0 for u, « I), no splitting is expected and the overall weights are equally 
distributed for the two components transitions with asterisk in column VIII of 
Table I. 

The fitting of the data leads to 21 significant constants. Six of these constants 
are related to Uj » I, 12 are related to d, = I, and 3 are interaction constants 
between the two states; these last, i.e., CiV. Ci*,', and Or result from the second- 
order Coriolis interaction defined by Eq. (4). All constants involved m the first-order 
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TABLE II 

Spcctrowopic ContlanU for Vibrmtional Slatc% v, “ I and t>« ■ I of "CH|D 




-1 

STANOAID OCVIATION 

*«.5< COHriDtlk'1 

COPrTAMT 

VALUE IM cm 

IM ca 


IMTERVAL 

IM cs * 

•'I 

no* .EM 


0.002 


0.02 



1.7E294 


0.00006 


O.OOOe 



5.2720* 


0.00007 


0.0003 



2.)** 

10-* 

O.OOi 

10-* 

0.05 

10‘* 


• 1.2t« 

10’* 

0.006 

10’* 

0.04 

10'* 


• (.15 

10-* 

O.Jl 

10-‘ 

2.0 

10-* 


lUl.OH 


0.002 


0.011 


VAC)/ 

5.111* 


0.0002 


0.0012 


0 

5. (14*1 


0.00003 


0.0002 



5.2*715 


0.00006 


0.0004 



4.490 

io‘* 

0.014 

io-» 

0.09 

10-» 

•D » 
JE 

1.6)6 

io‘* 

0.004 

10-* 

0.01 

10-* 


• S.9) 

lo'* 

O.Oe 
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Coriolis term, given by Eq. (2), are insignincant, verifying that no direct estimate 
of the Coriolis constant can be obtained from available data. 

The constants deduced from the fitting are reported in Table II, with their 
standard deviations and 99.5% confidence intervals. The fouah-order distortion 
constants //•', W"*, and constrained in Cj I and “ I to the ground 

state values determined elsewhere (7), are recalled at the bottom of the table. 
The 18 constants related to t >3 >> 1 and v, ” ! are written using the usual nota- 
tions, except the asterisks point out that they do not involve exactly the same 
contributions as in the individual analyses of the bands. 





ORIONAL PAGE IS 
OF, POOR QUALITY 

^ BAND OK 'H H,D 45 

The i on^tunls of Table II repnxJuce (he 985 filled dalu poinls wilh an overall 
slandaru Jevialion equal lo O.UIb cm*'. Calculaled wavenumbers and devialions 
(obs - calc) are lisled in columns V and VII of Table I for and (he newly 
assigned »<« (ransilions. For all olher (ransilions, Ihese quanlilies do nol differ 
significanlly from (hose given in Table I of Ref. (/) and are nol repealed here. 
Table I includes also predicled wavenumbers for unobserved Vj (ransilions 
wilh calculaled relalive inlensiiies fO.200 x l(F in iHir arbilrary scale. This 
value corresponds (o a limil for observalion in (he mosi favorable parts of 
our specira. The (ransilions, for which no ;4,.4t splilli’.ig is expecled, are repmled 
in Table I wilh overall nolalion A -* A. The relalivi* inlensiiies of (ransilions 
are calculaled according lo Fq. (5). Unfortunalely . no experimenlal measure- 
menls of line inlensiiies are now available for gelling an accurale value of (he 
coefficient p 3 .t involved in Eq. (3). A theoretical estimate of this coefficient can 
be deduced from band strengths of vj and of '*CH« (/f). Assuming that the 
variation of dipole momcnl with vibration is not significantly affected by the 
substitution of H by D, two values are expected for pj.«, i.e., 

Pi.i “ 1.1 1 and Pl.t “ l.lb 

according as the derivatives and lo “ x, y, e) of dipole 

moment in methane have same or opposite signs. In fact, the value which 
seems to give the best qualitative agreement with observed intensities is 
-1.19 which is consistent with previous results on op;K>site signs of the two 
quantities and (V./OK Relative intensities of the »>, transi- 

tions, calculated for p « 1.19, are listed in column VII of Table I. Values for »>• 
transitions are nol significantly different from those tabulated in Table I 
of Ref. (/). 

Finally, it may be noted that: 

— */%- */«. and •//* are found lo be nol significant, pointing out that the cor- 
responding constants /%, /J|, and //*, in the individual analysis of contrib- 
ute essentially in relation with the Coriolis interaction between r« • I and t'j - I. 

— The distortion constants related lo r, - I, i.e., and 

show large deviations from their ground stale values. The magnitude and the 
sign of these deviations are consistent with the expected effect of the Conolis 
interaction between r, ■ I and r, - 1 when the predicted value of (ji. i.e., 
0..57 is used. Unfortunately, the data now available on the vj band do not allow 
us to have more information on (his interaction. 

— The present analysis predicts for »>] transitions belonging to the subband 
I A I » 3. A,A| splittings up lo 0.015 cm*' for 7' - 17. Experimentally, such 
splittings are observed as broadenings of the lines, but are not resolved. 
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Cl. TAtKAdO, G. PoJ MK.l'E, AND M. I)ANG-NHr 

I.ahoraloifi it Sptttrescofit iitifmJtirf I, I’nittrtUf Pitrrr H tiarit Curie, 
Ttmr 13, Mat*, Plut* Juiriau, 73003 Paris, Frame* 


The »•(£) funiUmmul vibimtion-ruUtion ImumI o( c.ioiiodeutrroin«th>nc ('H'H(l)) luu been 
recorded in (he iprctrml nuinr 1031-1770 rin~' with • molution of •ppruiitna’.cly 0.04 rin~>. 
Of the 6W irmiuitiuni with J' ^ 17 identihed, 633 hax-c )>wn reuined (or the determination 
of the rotational IrveU in the upper itate •• • 1. The Coriolii interaction between the t«w 1(£| 
and t>i — l(.4t) Whrational itate* of reiulti in laricr AtAt iplittioffi of le\-eli with 

r* •• I and | A' — /«| • 0 or 3; the miiina in A' and /« alio gi^'e* riie to tome ten (orUuden 
traniition* obierved in the iprrtra. Thete efferti haw been very well explained within the 
formulation liaied on the rontart traiufnrmation method. N'aluei of 15 molecular structure 
conitants of the rt • 1 state have l>een determined from a least iquares anal)*!!* of the 633 
retained transition* These cimstant* can be used to estimate value* of the upper-state enersir* 
up to fourth order, and thr^miih thei *he spectral positkms of the 633 retained transitions are 
reproduced with an overall «taml.„ . ‘ation of 0 013 cm"*, which is within experimental 
uncertainties. 


1. IXTkOUl'CTlO.V 

Thf absuqttiun spectrum of *H.'HaI) in the range 1033-1270 cm~* is mainly due to 
transitions of the perpendic ular-t\pe i>*(£) band, the lowest fundamental vibration- 
rotation band of ’’CHiI). This band, recently recorded (/) with a resolution of about 
0.04 cm"', exhibits a ver>' well resolved but rather complicated rotational structure. 
Indeed, because of large values of .'l'-.4o and verj- little extended J and K 

structure can be easily and reliably identified, except in the subbranch. Moreover, 
the structure of the si>ectrum is further complicated by .4i.4t splittings for 7' > 8; the 
effects of notable- large second-order corrections to the energies in the r* - 1 vibrational 
state are ol*served. The Coriolis interaction with the nearest band, the parallel-type 
»’i(.4|) band centered near 1306.8 cm"', is clearly responsible for the observed features. 
With the e.xperimental data presentl) available, the analysis of the »>* band of 

‘ Present address; Lockheed Missiles & Space Co., Inc., P.U. Box 1103, Huntsville. .41. 35007. 

' K.N.K. expresses gratefulness for the partial support extended to this research tiy the National 
Aeronautics and Spore Administration and to the .Atmospheric Research flection of the National Science 
I'oundation. 
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can be contidered in two different wayt: (a) In the first case, the Coriolis interactions 
are considered to be small and the analysis of the experimental data can utilise results 
from the usual contact transformation method (2). It is well known that such a formula- 
tion (an satisfactorily explain giant .4|.-tt splittings as lung as the numerical solution 
obtained from the analysis remains convergent ; that is, as long as the values determined 
for the structure constants are consistent with their assumed order of magnitude in 
the expanded matrix energy, (b) In the second case, the Coriolis interactions are con- 
sidered to be large and the t>i band can no longer be analyzed separately from other 
bands. Then, the treatment l>ecome8 more complex: The dimensions of the matrices 
to Ir- diagonalized are greatly increased; but also, in the present case, the contributions 
due to the two kinds of vibration-rotation interaction terms, diagonal and nundiagonal 
in rt. ( annot be always s<i>arated unambiguously. This point will be discussed in the 
last part of this pa|wr. Previously, Deroche el al. (J) rc-ported results of the analysis of 
the i>t band of ‘*CH|D which explicitly included diagonal contributions up to the 
third order and nondiagonal contributions between the ri — 1 and T| — 1 vibrational 
states. Their study led to an effective value of the coupling constant which is very 
small, i.e., [fu'j ■ 0.(t41; this indicates that the magnitude of the Coriolis interaction 
lR?tween the vt ■> 1 and vi — 1 vibrational states is relat'vely weak. Unfortunately, 
their formulation failed to explain the AiA% splittin^i obierved in the Pt, ()», and R» 
subbram hc*s for J > 9. 

In the present work, we show that the available data of the band of '*CH|D (in- 
cluding J values up to 17) can be inteqireted within the formulation based on contact 
transformations. Manx previously unidentified transitions of the i>« band are assigned 
to lines recorded in the range 10.13-1270 cm“*. .Mso, owing to the well-resolved spectra, 
it is now |>ossible to determin" values of molecular structure constants through fourth 
order. 


II. K.\PKRIMK.VT.\L DKT.VIl.S 

The .1.5-m Littrow-tx|R; vacuum spectrograph, operating in the single pass configura- 
ik'n, used to record spectra of ‘H'HiD has been previously described b\ Mickelson (4). 
The data recorded from 10.1.1 to 1270 cm~* hax’e lieen obtained in the sixth and seventh 
orders of the grating with an o{wrating resolution of approximately 0.04 cm~' over most 
of the rai.,;e investigated. 

.Ml "CHjD spectra have l>een recorded with the g,is sample contained in a 1-m-long 
absorjition cell at nxim temi)erature. The data have bc-en recorded twice with a gas 
pressure of 18 Torr and twice with a gas pressure of .K) Torr, Most of the stronger 
al)soq>tion lines have been measured at least three times and some have been measured 
six times. 

•Ml data have lR*en measured relative to the 1-0 band of CO and several water vajRir 
lines using- the sin,{le [>en technique described by Kao el al. (5). These calibration 
standards are considered accurate to at least ±0.002 cm~' (5, 6). All data have been 
calibrated relative to the accepted standards by the polxmomial regression and stepwise 
multiple regression anaixsis computer programs described elsewhere (I). The calcu- 
lated spectral positions of the stronger unblendc-d lines vary no more than ±0.002.1 cm ' 
from the corresponding mean values. 

Figure 1 is a ripriMlui tioii of the reiorded s{R-ctrum; this region includes all identified 
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Flu. 1. Ill* »pci.truiu uf 'HJlltil fruni lUJJ tu IJ7U ini''. 'I'ht rcprudjccd >)Kxlrm wen munltii 
with thr gk* uniplr mntainni within a I m length almirjitiun cell at a |>rr«»urr of .10 Torr. 
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liiir» c>{ n IiuimI, wliiih i» •truiiKly uvrrlA|>|K><1 on (he hi|{h-(rr«jucn( > tidt b\ (lie |Mr«llr1- 
(>'pe »i twml of "(Till). The rolAtioiul ttrurture in J and K u well resolved throughout 
(he band; even the very clnarly qmred ((>m|M>nmt> of the *(>• aubbranch roukl be 
measured from 7 ■ I. 


Ill ('OMPITATIONM. PK(K'KI»l'KK. 

Assignments of the transilions to oliserve«l lines and the determination of ntoleeular 
structure constants were |ierfonned in an iterative, three step computational pnK-edure; 

1. K\|>«;rimenlal values of (he energies of the u|t|ier state levels, with ri « 1 were 
eakulate<l using the expression 

AV - Ace. + (1) 

where e, are ol»erved (and assigned) wavenumliers of and K", are energu*s of the 
ground-state levels: 

/•.-.''•-I- ///A"*. (2) 

Values of /v."*, including all but one term through the fourth order, were determined 
using the accurate values now available (7, A) for the ground state structure constants. 
The term involving the fourth-order distortion constant //•* remains an unknown to 
be- detemuned. Thus, Fq. (1) ran be exjtressed as 

F;.'» ///A"* (i) 



where “ hio, + A,"” are considered to be experimental data and is a constar' 
to Ih‘ determined. Kei.iuse of the atcuracx of the the uncertainties of the 

and ka, are ec]uix’aleiit. 

2. Kigenx’alues, A.', and eigenvectors were a|iproximated for the ent.gj’ matrix 
ev|Mnded to fourth onler for the vibrational state with i« » 1 (sec- beh'w). In this 
approximation it was atesumed that f/o* “ //* (u “ 1); //^, and //•'**' were 

constrained to the values determined for the currc-s|M>nding gn>und-state constants (A'l. 

The unknown up|ier state structure constants /r ••/*•• •/,, with /* ■ //* ■ //,*, 
were determined utilizing a trivial iterative process baaed on the least s(]uares method 
applied to the function 

ll (/r • •/*• • -U). - X: g.[A.'» - A'.(/r • •/*• • -I.) + /.A"‘J, (4) 

1-1 

where .V is the numlx-r of os.signed transitions and g, are suitable statistical weights 
defined so that X^.-r'g. “ .V. 

.1. Wavenuml>ers and relative intensities calculated from adjustable values of the 
molecular structure constants were used to extend progrc*ssivel>’ the assignments of (he 
transitions to larger x’aiues of J and A. 

IV. MBRomiONAl, F..\Kk(;iES IN THE I PPKR ST.ATK 

The energies of the levels c.d the r« 1 vibrational state were calculated using the 
formulation develo|KHl in Ref. (.'•). The twice transfomu-d Hamiltonian U*, including 
all terms through Ay"*, was utilizexl. The use of symmetrized functions, as defined in 
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Krf. I /</> alloWH the cncrKV matrix lo Im- f.ulortxl into four siibmalru tn, i.r., .I|, .It, 

.itui h\, aiTonliitK to ihi- irrtxliu'ihk' rt'iirm-niulioRii of ihr Ct, <n>up.* Thr rnrrKx 
ciict-nvalucA and eigenvrrtora wrrr laUulaiixi by diagonaliution of the .l|, .1|, and K. 
xubmalriers. 

The lonlribulions to the energy which originate fnmi the term r’/", in the mxond- 
order Hamiltonian ht*, are enhance«l by the ('oriolii interaction lietween state* with 
ft • 1 an«l ri “ I : 

(i) The totally diagonal elements are res|)onsible for large vibrational correttions 
ut* and tu" to the rotational iimslant* .1. and 

(ii) The two nondiagonal elements 

<r, - l,J,K,U- Tllr»;";r, - 1. A.' ± 2. /, ™ ±1) 

f 1) - K{K ± -b I) - (A- ± 1){K ± 2)]» (5) 

and 

(r, - \,J, A./, - ±\ rU”\um l,J,K± 1,/. - ^1) 

-2v„»(2A- ± UIJU -b 1) - A(A±n]» (h) 

are resfionsible for a signilicant mixing in A' and /«. I ven two fourth-order miaiional 
corrections* to the terms given by K«|S. (5) and (h), i.e., 

<r, - l,J,K,U~ =FI r»/**;r, - 1, 7. A' ± 2. /, - ±t) 

-2/,,* ■'7(7 + nt;7(7 -b 1) - A (A ± 1)]* 

X[7(7 + 1) - (A ± l)(A ± 2)]* (7) 
.ind 

(r, - t,7, A./, - ±llr’/**lr, - 1. 7, A ± 1. /, - Tl) 

-2/,,* *(2A ± l)«[7(7 + 1) - A(A ± !)]• (H) 

appear to contribute signiticanily t<i the energies for 7 > 10. .Also, the fourth-order 
doubling element 

<r, - 1,7, A - T2,f. - ±llr«r;r, - 1.7, A - ±2,/. - Tl> 

-2V7(7+ 1)[7(7+ D- 2] (9) 

gives signiticont contributions when 7 > 8. .All these effect* are observable in the 
s|)eclra of the r* band as an extended 7 and A structure, as well as by a rapidly in- 
creasir g .li.li splitting of the transitions with | A" — /',! - 0 and 3, as the value of 7 
increases. Nevertheless, no .1|.3| splittin*; has been obsc‘rvi-d for transitions with 
|A'- /'.I - 6,9, .... 

Since the mixing in A' and /• is not extremely large the energy levels t)f the upj»er state 
will be labelexl using the quantum numbers ami indices rt •• |/«| — 1,7, |A|, |A — /il, 
andC(C ” .li,.lj. A). The species .-li and .1| arc defincxi according to Refs. (10,11). 

' Et and Kt are the twu lomponrnlt uf an E twsis, mpectively, lymmctrir and anlinyminelrie with 
rrq>ect to the t>prr*tinn r, of the Ci, ftroup. 

* Note that the rontrilHitiont due to /n* * and /it*'*' appeared to be insignihconL The fourth-order 
Mlirational correctiont due to r*P*, in k,*, are included in the efl.'ctive values of .f„ B„ (yn')«. and 
(yo*)> appearing in Table II. 
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V. KI LAIIVK I.IXl; IMKASmns 

Thf ri-lalivt- line inlcnHities were raUulated uMng the e\)>reii»ion 

txpi— Fm kT), (1(») 

where 9 .. is the waver umber of the transition from Em to F., and .S’«, is the s<|uare of 
the transition moment, 

•V». “ JE !<»"', I »2) *• (11) 

•i 

!«() and |«y) are the eigenfunctions of H* which corre8|a»nd to Fm and res|Hc- 
tively. The subscripts 1 and j denote secondary quantum numixrs: the magnetii 
quantum number M, the nuclear spin quantum numbers, and the index' a or b for 
<igenf unit ions with symmetry sjH-cies F. Mt* is the twice- transfornu-d comjK»nent of 
the di))ole moment U2) on the space fixed axis Z. 

In the computations of the relatix’e line intensities, Mi* has been apjiroximated by 
retaining onix the leading term 

{Mi*)^ ~ Ml ois (/, a).W.. (12) 

• 

.As usual, the molecule fixed com|>onents ,W, of the di|Miie moment have Ixen expanded 
in terms of the dimensionless normal ciKirdinates v«. 9i«. then, the part responsible 
for the vt transitions ran lx written as 

(,l/A, “ </»V»«[l + /•''‘(V". V»«t 

“ d»v«»Cl + F*'(g», qtm< (11) 

- 0 , 

F*>(iIh, •* ** totally symmetric expansion of i,„, q,t, without a constant term. 

When using Kq. (12), all terms of Mi* which depend on the angular momentum 
comiMinetits are neglected. N'evertheless, the contributions of these terms to the intensi- 
ties can be roughly estimated from theoretical values of the (*.«,>«■' constants, to Ik- 
generally less than a few pxrcent of the contributions due to Fip (12). Only the intensi- 
ties of the weakest transitions. esiK-ciallx the forbidden transitions, with A A' — lt\ ^ I), 
may be smiously affected (up to 50*^c). 

All transitions obex the strict selection rules (l(f, II) 

» 0, ±1 and .-l|*-*.-lj or /•.*-*/•.'. il4) 

It should lx- notici'd that the approximate selection rule A' A — /«' “ 0 which liolds 
for the allowed transitions in the *ero-order approximation is not affected by the 
(2, 2) coupling (see Eqs. (5) and (7)), xshich is diagonal in A — /». Thus, no additi mal 
transitioas can appear when only such a coupling cKcurs. However, the (1,-2) coupling 
(see Eqs. (6) and (8)), wb' h obeys A(A' — 1%) - ±3, can be resixinsible for forbidden 
transitions. Of course, A i . splittings of cnergx- lex’cls with ] A j 3, 6, ... in the 
ground state might also provide a bre.ikdoxxTx of the rule A] A" — /el 0, but such 
splittings are insignificant for the values of J considered here {Sj. 
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Actually, some forbidc’en transitions with A\K — /«| ■■ 3, induced by the (1, —2) 
coupling, are observed in our spectra; they involve upper-state levels with small values 
of I A" — /'ll, i.e., those which are the most strongly affected by the mixing in K and /•- 
In Fig. 2, as an example, the first few upper-state rotational levels with — 8 are 
represented along with the observed transitions having \K' — l'%\ ■> 0 or 3. The 
allowed transitions are represented by solid lines and are labeled PP(J", lA"'|, C"), 
PQWt 1 A"'| , C") . . . , where the double prime indicates lower-state quantum numbers 
and PP, PQ, PR, . . . have their usual meanings. The forbidden transitions are repre- 
sented by broken lines and are labeled XP(J", |A"1, C"), XQ(J", |A"|, C") .... 
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A more complete i;)eiificiition of the forbidden tranutions it not neceaaarx here, owing 
to the reatrirted number of obaervationt. 

VI. RF.sn.TS AM) uisrussiov 

Of the 689 lines measured in the range 1033-1270 cm~*, 510 can be assigned to be 
totally or partially due to transitions of the itand of ‘KTHJ) , the other lines are due 
to transitions of the )>• band of 'K'HiD or to transitions of and HiO impurities 
in the gas sample. 

Assignments and observed wavenumbers of the transitions of the band are listed 
in Table I, columns (II) and (IV); column (I) gives the correspondence with the lines 
of Fig. 1 ; column (III) gives the ^K-cif>cation of the up|>er levels of the transitions. The 
transitions and upper-state energ> levels are labeled as indicated in Part V of this pa|HT, 
except that the pairs of transitions of the t^-pc 

(7", !a-"|,.4.)^(-/', 

and 

(/", 1A-"|..<,)^(/', |A"- 4,). with !A" 6,9, .... (15) 

which coincide exactly (doublets unresolved in the ]>resent work), are tabulated accord- 
ing to the global notation 

(J".lA"|,.4)-(r A" -I) (16) 

instead of as in representation (15) above. 

Of the 68(1 transitions E «-* E, A i ♦-» .-I i, or .-1 «-* .4 , which have lieen assigned to the 
510 observed lines of the e* band, 633 have been retained for calculation of molecular 
structure constants of the r« — 1 state. Statistical weights equal to 1.0 have been as- 
signed to the 633 retained transitions; the weights for the transitions .4 —*.4, have 
been distributed etjually l)ctween the two components .4i— * .4» aid /fj— * .4| and are 
indicated as *1.0 in Table 1 (see column VIII). 

The 633 transitions were used to calculate values of molecular structure constants 
following the computational pnai-dure outlinc-d in Section III. The rc-sults of these 
calculations are listed in Table II. The standard de\'iations and 99.59c confidence in- 
tervals within the theoretical model adopted are also given. The values of the three- 
constants //■', //■'■'*, and //■'*** were constrained to the values listed at the bottom 
of Table II. The 633 values for the wavenumbers of the assigned transitions cm l)e 
reproduced with an overall standard deviation of 0.013 cm~* using the stated values for 
the molecular structure constants, which is within the exix'rimental uncertainty of the 
e\)>erimental data. 

The values of the molecular structure constants listed in Table II have been usc-d to 
pri'dict the spectral positions and relative intensities for all transitions of the i>« band 
of ‘*CH|D with J' < 17. The predicted transitions include 745 allowed transitions, with 
659 observed, and 12 forbidden transitions, with 10 obseived, which have a calculated 
intensity ratio > 1/250 with resi>ect to the must intense lines of the band (i.e., having 
intensities >0.20 X 10* in our arbitrary scale). The intensilj- ratio > 1,'250 was selected 
to appruxiniate’y corres]>ond to the limit for observation of lines in the most favorably 
rc-ii' led jNirlions of the spectrum. I’redicted wavenumbers and relative intensities are 
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Kivcn in the columns (V) .ind (V'll) of Table I; column (VI) gives the deviations (cxpt 
— calc) corresponding to the observed transitions. 

The 8H un.ossigned transitions either rrv blended by lines of much larger relative in- 
tensity or occur in pirtions of the spec'ra infavorable for the observation (a small part 
near 1118 cm"' could not be recorded). The transitions, assignments, upper-state 
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<iu-rK) k'vrls, calculated qntlral {Mjaitiunt, and calculated relative intenaitiet uf pre- 
dicted tranaitionx which were not aaaigned to obaerved line* are included in Table I. 

In the tint column of Table II, the indicea of the magnitude of the conatanta, ex- 
)<ected from the expanaion in power acriea of the tranafomied Hamiltonian H* (aec 
Ref. (9), Cbapt. VII) are liated. The compariaon between theae indicea and the corre- 
i|)onding valuea determined for the conatanta ahowa that the expaiuion of H*' ia aatia- 
factorily convergent, with the ratio {hm*) between conaecutive terma, being 

about ]^. Howexer, thia ratio ia not amall enough fur the aucceaaive urdera uf magnitude 
to be verx' well aqurated. Thua, aome neglected terma of II*, i.e., or h^*, ma; 
alightly contribute to the effective valuea of the amalleat conatanta ap|)earing in Table II. 
In addition, the matrix element of ht* of the form (r«v I, J, K, I, J, A'±3, /•), 

which could not be aignificantly determined, probably contributea in the aame manner. 

Finally, the validity of the formulation uaed in the preaent paper for analyxing n 


Stniclurr Conatanti for ihr « I Vibrational State uf "('H«f> 


of 

Hotnitudt 


0.00003 


3.83430 


0.00038 


0.00007 


3.26896 


*All th« conftants ar« dcflnati in R«f. QOi; c 
by tb« fitting. 


X cannot b« d«t«mln«d 


Constants constralnad to their ground state values (8) 
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tan Ilf (JiftituiMfl near the level croMings Ix'tween the two rotaliitnul M-ries uf r« * I 
and of fi — 1. The elementt of the untnuiHfonneti energy matrix [_/?] rexponsihle for the 
interoetioni between these two series are: 

(a) a first-order term 

{r* — 1, ■ 0, y, A.', /» ■ ± 1 1 // 1 r* — 0, fi — 1, y, AT T 1, /# “ 0) 

with a main part due to r*P of //|, and 

(,b) a second-order term 

(r» " 1, Ti “ 0, y, A, ± ll//|r» — 0, r» ™ 1, y , A ^ 2, /« — 0) 

with a main part due to PI** of //•. 

The i rossinR lietween the levels coupled by (a^ occurs in the f|- 1 state for A7»af— 42, 
l.e., very far from the observed values | A'|. Such a situation explains that the first-order 
Coriolis interaction of r« « 1 with ri « 1 could not be clearly sqiarated from all other 
vibration rotation interactions. Therefore, the effective value of fi«' determined in 
Ref. (J), i.e., lfi»'l “ 0.041 is t<x) small compared to the calculated value (fn')„i 
cy -0.2J. 

The crossing between the levels couplevi b> (b) lies between A/»» — 12 and A/.» — 1.1 ; 
the interaction, expected to be very Itxalized, must atfect mainly the PP, PQ, and PR 
transitions belonging to the two subbunds |A| — 13 and |A'j ■- 14. Hut these transi- 
tions arc too weak to lie observed in our spectra and no discrepancy due to this second- 
order interaction could be etfectively detected. Ix;t us note that the effects of this 
interaction should be mure easily detected in the parallel band where the involved 
transitions correspond to the subbands with |A'| — 10 and |A'| — 11. 
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Diode Laser Spectroscopy of the Band of 

Pai ASH P, Das,* V. Malathy Drvi.t and K. Narahari Rao 

Prpartmrin of Fh\tic$, The Ohio Siair L/mvrruly, Coiumhut, Ohio 4J2I0 

The vibrstion-itMaiion tpecirutn of the fundamental of methyl kxIkIc has been re- 
corded in the 124 to M62 cm'* region by using a tunable semiconductor diode laser 
spectrometer. The rotational analysis performed for sis Q branches 'QiJ .i). 'QyJ A\, 
*’Ch7,.3|, and Irl to accurate values for several molecular con- 

stants The nuclear quadrupolc splitting unsing from the spin of iodine has been observed 
very clearly in the low J transitions and for vanous K values 

INTRODUCTION 

For the methyl iodide molecule, as a result of extensive studies made in the past 
both in the microwave and the infraied regions, we tow have available accurate 
values for the molecular constants of its ground state. However, not many micro- 
wave measurements have been made for the transitions in the ('•-state ( / ) which 
is located at 883 cm'*. Also, in the infrared studies made with a grating spec- 
trometer by Matsuura and Overend (2) the resolution was not sufficient to resolve 
the Q branches completely. The present work relates to the study of portions of 
the vibration-rotation fundamental ('• of "CHjI with a tunable diode laser spec- 
trometer having a spectral resolution of 0.002 cm'*. Figure I displays the structure 
observed for one of the (3 branches to illustrate the type of spectral data available 
in this work. Since we have observed the structure in the Q branches to 7 values 
as high as 70, several molecular constants could be determined Tor the Pc-state. 
The results are compared with the recent saturated absorption work of the >'■ 
band by Arimondo and Glorieux (i) as well as the microwave and infrared results 
mentioned earlier. 


EXPFRIMKNTAL DKTAILS 


The general experimental setup has been described elsewhere {4). In the present 
investigation a 2.54-cm-long germanium Fabry- Perot etalon was used to produce 
calibration fringes of about 0.049 cm*' separations. To minimize variation in 
fringe spacing due to temperature changes to which germanium is very susceptible, 
the following steps were taken: (i) The germanium etalon was enclosed in a 
thermally isolated box. (ii) A mode was scanned in a few minutes and several 
repetitive scans were obtained for each mode, (iii) Temperature of the etalon en- 
closure was monitored continuously and only those scans in which temperature 
remained steady were used in obtaining the final data, (iv) In each mode which 
was typically about 0.5 cm*' in extent, attempts were made to obtain at least two 
calibration lines so as to enable us to calculate the fringe spacings in addition to 
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hiG. I. >lruclure in the f, hunii of '^CHil recorded Miih a diode laser spectromeier. Ab- 

sorption path Icnitih • 12 m. pressure ■ 0.5 Torr approx. 



providing absolute wavenumber standards. In this connection, the P| band lines 
of OCS (5) were found useful. 

Based on the quoted uncertainties of ex's lines, the absolute uncertainty of 
our measurements has been estimated to be about iO.002 cm*', whereas, the 
relative accuracy is about ±0.0005 cm'*, 

A commercial sample of CH:,I was used without further purification. A multi- 
pass cell of base length I m was used to provide a total pathlength of 12 m. 
Pressures of the gas sample ranged from 0.2 to 1 Torr. A Ge;Cu detector cooled 
to about 4 K was used to detect the signal from the multiple path absorption 
cell and a HgCdTe detector operated at 77 K was used in the etalon arm. 

RF.SUI.TS 

Molecular Constants 

A total of 219 rotational transitions were identified in the Q branches recorded 
in the present investigation and their measurements are presented in Table I. 
These data were fitted by least-squares techniques making use of the term value 
expressions given respectively in Eqs. (I) and (2) below for the ground state 
and the »v!«tate. 

rU.K) - BAJU + 1) - A"| + - DiJHJ + D* 

- Di^JU + I)A:» - + l)K\ (1) 
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f, OF "CH,I 


M)7 


ru.kj) - S'. + B,\JU + I) - #f‘l + /t.A* - liAiUkl t- ifiJU + Ukl 

+ vikV - DiJHJ + D* - Di^^JU + DA* - DjA’ + + DA*. (2) 

where A • jA | except for A • / ■ ± I and <'*■»'« + In the above evalua- 

tions the ground-state molecular constants were constrained to the values 
presented in Table II. The PA* and rii were constrained to the values of Matsuura 
and Overend (2) since the range of AAA values observed by them was much higher 
than in the present work. Finally, from preliminary calculations we found that it it 
adequate to set Di > DS of Ref. (6). The present set of constants determined in 
this manner for the »vstate agree well with the microwave values given in Ref. 
(/). In view of the high J values obtained in the present data it was possible to 
determine an improved value for the constant tjA- However, there is one aspect 
which does not quite agree with the results of Arimondo and Glorieux (i). The 
value obtained by these nuthors for the effective band center, Vo -t- A«(l - C*l 
- Bt + (3/4)t}{ differs by about 0.01 cm*' from the present result, which inciden- 
tally is within 0.002 cm*' of the grating infrared work (2). Such a difference could 
be due to an absolute calibration error for the wavenumbers of the diode laser 
data. But. in view of the stated uncertainty of 0.002 cm*' for the OCS lines used 
as calibration standards here (5), the difference of 0.01 cm*' is outside the scope 
of the current measurements. It may also be mentioned that in our investigations 
related to the diode laser spectra of the vt band of NO..t (7), although some of 
the data were calibrated by the I'l band lines of OCS and others by the vi band 
lines of CO,, we found internal consistency between all the NO, data observed. 
As such, at this time we cannot completely account for the 0.01 cm*' difference 
in the effective band center values. 

Along with the C branch data for '*CH:,I we also observed other transitions 
belonging to "P(J,K) and ’’R{J,K) transitions. The molecular constants of Table 
II were used to calculate the positions for these P and R lines and Table 111 
compares these calculated values with the actual measured data and there is good 
agreement as shown by the observed - calculated values. 


Nuclear Quadrupole Hyperfine Stru 'ture 


For many years now, it has been known from microwave studies (8) that 
CH]I has a large quadrupole coupling constant. For v > 0, the leqQ) value is 
-6.45 X 10 * cm*' (/) and for r, » I it is -6.47 x 10 * cm ' (9). The nuclear 
spin (/) of S/2 of iodine combines with J and splits the rotational levels repre- 
sented in Eqs. (I) and (2) into 21 I « 6 components (or J > 2. The '*C and H 
nuclei have spins 0 and 1/2, respectively, and hence give no quadrupole effects. 
The contribution due to the quadrupole effect to Eqs. (I) and t2) is 


j 

' he 


eqQ 


3A* 


JU + I) 


- I 


l(3/4)C(r -t- D - /(/ + 1)2(2 + 1)1 


(3) 


2/(2/ - IK22 - 1K22 -t- 3) 
where C * F(F + !)-/(/ + D - 2(2 1) and F * I + J is the total angular 
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momentum of the molecule. The complete selection rules for the “Q branches 
are At * I. A7 ■ 0. AA" ■ -1. and AA ■ 0. ±1. 

Figure 2 shows a comparison between the measured and calculated absorption 
spectra of the "(>(6.4) line located at K53.324 cm'*. Using the selection rules 
given above, we find that this line splits into ten components corresponding to 
AF * ±1 and six components corresponding to AF ■ 0. The relative strengths 
of these lines UO) are indicated in Fig. 2a by the lengths of the vertical lines. 
The six AF •« 0 components account for about of the line intensity. From 
these relative strengths and line positions determined from Eq. (3) the spectrum 
of the line was calculated assuming a Doppler absorption profile for each com- 
ponent convoluted by a Gaussian instrument function, which arises due to the 
finite linewidth of the laser. Under these conditions, the absorptance /4(i') can 
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TABLfc II 

Mtitecular Parsmcur* iin cnT'l for ihc Band of "CH«I 
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10*‘® (Ml. 15) 


feat* Coaaiaait! 

'a * **•*’* MJ.riMJOU 0 ^ l.U«F04ia) ■ 10*’ 
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Aj i.207}a«aa> oj • d* 



<a:»^ i.m;iii(22) h;[** • 

2.222(42) ■ 10"* 

^ 1.524 ( 10 '* (Mi. 2) 

NtaMr oi Itaaa 219. vtandara 4*vlatl<iii of root4uali li 0.00055 cm Error 
lialtt In fnr*ntK«B«B «r* 4«vl4tio«B la ch« lait 4lgltt. 

TABLK III 

Wavcnumhcr4 (vac. cm ') of S.nnc Saiccted “FtJ.K) and "ftiJ.Kt Trancitiont Obterved 
.'n (he Branch Regnme of CH>I 


LIW 

*eh». 

(o-oiio* 

LIMB 

''o4s. 

(O-C)alO* 

'ku.)) 

•55.1409 

0 

*9(21.5) 

9)2.1)42 


Vl4.)) 


4 

*9(4,4) 

9)2.4192 

) 

V(14.4) 

S47.1M5 

12 

*9(15,4) 

•32.97SO 

4 

*9(12,4) 

•44.4423 


*9(14,4) 

9)2.4544 

2 

*9(15,5) 

•40.2M3 

4 

*9(12,4) 

9)1.9299 

4 

*9(14,5) 

•59.22)2 

4 

*9(19,4) 

•31.4034 

) 

*9(12,5) 

9)9.242) 

. 9 

*9(29,9) 

• 24.0420 

14 

*9(19,5) 

8M.I444 

7 

*9(12,9) 

•44.99f3 


*9(20,5) 

•37.4431 

1 

*9(1).9) 

•47. 4717 
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Hoth .V and A were adjusted to lit the observed spectrum. I'he agreement, as 
demonstrated in big. 2 is gtHtd. Ihe separation 1A) between the two peaks 
of the split line is measured to be O.tHIM t cm ' which agrees with the 

calculated separation of 0.t)0<5 sm '. Similar splittings were observed for several 
low J transitions in the other "{J branches. 

U KNOWt f tMiMt MS 

lhi« ie«« 4 Kh «as tlimc auiing ihr !rnu<e al 4 Siam iitim ihr Nalumal Arronaulivs anJ Spave 
Ailinini\li.ili»n .imi onr ol ii« iKNKi is giautul loi this suppoil W> mouM also like to thank t)rs 
lames s (1 W.«tson anil I Oka loi leailing Ihe manusiiipi ami making useful lommenls. 

\,ilr ,iMt J Iitlrr ihf iihoir n.trk hui i •imp/i'/n/ Ihe splillings due lo nuileai spin molecular 
lolalion inieiailion aie imue cleailv seen in Ihe speclium of because of ihe large separa- 

non heOse-M ihe imliiidiial liansilions I his is shoisn in I ig t I he observed values of (>(7.V| 
Uh J ~ Ihloiigh :i are NIVOMU. NIUllr^lM. HIUIMiO. HlVinWI. MI<MNNI4. HIH<W7|, NIHWifV. 
NIMUWI HIM 1, IV. NIKKIIO. H|KgS27. HtK H:i 4. and MIK7N7K cm '. lespeclivelv these wave 
nuniheis .igiee well ailh Ihosc calciilaled Ironi Ihe conslanis given in table II 
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Coriolis and /-Type Interactions in the p,, 2pj, 
and P4 States of '^NHa 

S. Urban, V. Spirko, and P. PapouSek 

T/ir J Imiiluir of Pk\%ival CHemisin amt Llrclrm hrmitln . 

Czet kotlotai At ademy of Snrmei, 160 00 Frciiar 6. CzechotUnakia 

AND 

Robin S. McDowell and Norris G. Nlrlson 

Umvmily ->f Cali/orma. Lot Alamos Siirmi/ii Lahoralory ,' Loa Alamos, Mrxno A7f45 

AND 

S. P, Belov, L. I. Gershstiin, A. V, Masiovsku, and A. F. Krupnov 

Inaiiiuir for Applird Phyaics, Ai adrmy of Scirm ra, l/SSfl, Corkii. 

AND 

John Curtis and K. Narahar< Rao* 

lirparimeni of PhsaUs, Thr Ohio Siair Unis'frsOy, Columbus, Ohio 43210 



High-rr^olutiun infrared spectra huve been remcatured for the 2i>i. and u, bands of 
'*NH, using a vacuum grating infrared tpeciromeier and a diode later spectrometer. Fai- 
infrared spectra of '*NH| have been measured vsith microwave accuracy in the 700-1100 
GH/ region by employing a submillimeter wave spectrometer (RAD) with acoustic detec- 
tion The pure inversion and inversion -rotation transition frequencies in the i>, excited 
state of "NH, have been determined for the lirsi time, r . vibration-inversion-rotation 
Hamiltonian of ammonia jSpirko, Stone, and Papouiek. J, Mol. Sprciroar M, 139-178 
(1976)1 has been used fur a precise parumetenzatiun of the energy levels of ammonia. The 
ground state rotational and centnfugal constants of '*NH, have been determined using a 
modified methisd of combination differences. Coriolis and /-type iPieractions between 
V 4 . 2 i>i, Ut * Vf ‘xd )i>i states have been analyred and the band parameters have been 
obtained which reproduce the transition frequencies ss'itnin (he accuracy of the experi- 
mental data. 


1 INTRODUCTION 

In previous papers U-5) a new vibration-inversion-rotation Hamiltonian 
for ammonia has been developed and applied to the available experimental transi- 
tion frequencies in the infrared, submillimeter, and microwave regions for '^NK„ 
“NHj. '^NH,D, ‘‘NDjH. '‘ND 3 , and '’NT*, The main purpose of this work is to 

' The Los Alamos portion of this work was supported by the United Stales Department of Energy. 

' One of us (KNR. is .xraleful to the National Aeronautics and Space Administration for sup- 
pon of sonv of this research. 
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obtain an accurate value of the inversion barrier in ammonia an<l to discuss certain 
anomalies in the spectra of this classic example of a nonrigid molecule (5). 

In the present paper we have used this Hamiltonian for a precise parameteriza- 
tion of the energy levels of ammonia in the «ense of obtaining the effective values 
of molecular parameters which reproduce the high-rcsolution infrared, submilli- 
meter, and microwave data to within the accuracy of the experiments. Formulas 
which arr; obtained from this Hamiltonian to h! the experimental data are formally 
identical with those that would be obtained from the standard Darling- Dennison 
vibrational -rotational Hamiltonian. There are however two main advantages of 
our approach ( Section 1 1 ): (i) higher-order formulas can be obtained from the lower- 
order terms in the expansion of our Hamiltonian in terns of ^ |cf. (d»; and 
(ii) relations of the effective parameters to the basic molecular constants such as 
the molecular geometry and the potential energy function of ammonia are clearly 
defined in our treatment. 

In the present paper we apply this treatment to the infrared data on '*NHj 
measured with the vacuum grating spectrometer at the Ohio State University in 
Columbus, Ohio, with the diode laser spectrometer at the Los Alamos Scientific 
Laboratory, and with the submillimeter wave spectrometer RAD at the Institute 
for Applied Physics at the Academy of Sciences USSR in Gorkii, (Section 
III). Although the infrared spectrum of ammonia has been studied in considerable 
detail (7-2i), previous measurements {7-13) have been done with much lower 
resolution than achieved here. With the grating spectrometer, we have measured 
with resolution of about 0.03-0.06 cm'' the I'l, I't, r'3, and fundamental bands, 
the 2i/] and 2i^4 overtone hands, and the “hot" bands for transitions from the 1/3 
level to the Pi + Pt> •'» + •'1. . s*nd 2»'j levels of '^NHj. The 10 ‘-cm*‘ resolution 

of the diode laser spectrometer has made it possible to resolve certain features 
in the t'] band that remained unresolved in the grating measurements. We report 
here also for the first time the measured frequencies of the pure inversion and 
rotation -inversion transitions in the i/j state of '^NHj at 7(X)-1 100 GHz. 

Combining these data with some other high- and ultra-high-resolution sub- 
millimeter and infrared data on the I'j (or 2»',) band of ammonia ( /4, 16-20,22-24), 
we have determined the ground-state rotational and centrifugal distortion con- 
stants of '^NHj using a modified method of combination differences (Section IV). 
We have also analyzed in detail the Coriolis and /-type interactions between the 
vt, 1/4. 2('2, P 2 >'4< ^nd ipt states of ammonia (Section V). The results of analysis 
of 'he ('1, t'j, and 2t>4 states including the perturbation-allowed transitions to the 
2t>4 level will be presented in a subsequent paper. 

II. PARAMETERIZATION OF THE ENERGY LEVELS OF AMMONIA 

If we expand the vibration-inversion-rotation Hamiltonian for NH3 (/, 4) in 
the vibrational coordinates Q, and retain only terms of order of magnitude icTp, 
we obtain 

H Tf + T} + Tcrnt + Tcot + Tvib + V, (I) 

where 

n = (i/2)/iSpij 

+ (I/2 KJpmSp)./p + (1 /2 K/x")'"{VpmSp(m“)'‘"(Vp(m")'''')} -t- f/o(p). (2) 
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vt. 2*^. AND V, STATFS OF “NH, 

7T - (\a}tilAA + yi) + (I/2 )m?,^. 

Tc«. - (1/2) V (1 -Tfc;* + 1 ytfQkQiUoJ, 

m,0-x. ya.fi k k.l 

+ (1/2) s (V (7pAff)c?» + s (i^Kcn(2*(?,)^. 

••x.v.f.P * k,l 

- -0/2) V + P.i.) - (1/2K7pmSp)/>p. 




^Vib “ (1/2) V/>| + (1/2) X 

A ••x.b.i.P 

V - V,(p) + V K»(p)(?* + (1/2) S kyip)Ql 


+ X ^klmi p)QkQlQm + 

Irlm 
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(3) 


(4) 


(5) 


( 6 ) 


(7) 


All the symbols have the same meaning as in Rei's. U ,4, 5 )\ k, I, m take on the 
values I, 3u, ih, 4a, 4h. It should be emphasized that all parameters occurring 
in E()s. (2)-(7) are functions of the coordinate measuring the large-amplitude 
inversion motion. 

In the theory of centrifugal distortion described in Ref. (4) we used second-order 
perturbation theory and evaluated the matrix elements of the vibrational and 
rotational operators occumng in 7^, fvib. i>nd V. Together with 7^, this 

gives an effective vibration -inversion -rotation Hamiltonian for NH3 that contains 
only functions of p and the operator 7p “ -ihdlUp (Eqs. (I4)-(I6) in (4)J. If the 
resulting Schrodinger equation is solved numerically as an "inverse” eigenvalue 
problem, we can obtain physically reliable information on the molecular potential 
function of ammonia including the "true" double-minimum potential function for 
the inversion motion (5). This is, however, a treatment which is not suitable for 
fitting experimental data with an accuracy comparable to that of the high-iosolution 
infrared and microwave data. 

We have now modified the treatment so that the parameterization of the energy 
levels can be achieved relatively easily. We do not obtain direct information on 
the whole potential function of ammonia, but effective molecular parameters 
such as rotational constants, band origins, and interaction parameters are ob- 
tained by a least-squares fit. 

The basic idea of our treatment consists in the expansion of the p-dependent 
parameters in Eqs. (3)-(7) as a power series in the Uxge-ampl’*’'de coordinate p 
in the point of the planar reference configuration of the atomic nuclei (p n/2). 
The choice of the planar reference configuration in this expansion is the 
most natural from the point of view of the symmetry of the problem. All the 
p-dependent terms are either even or odd functions of 6 = p - tri? [A', or AJ 
species in the /)» permutation-inversion group of NH](/,5)]. Let us denote these 
parameters in general as and We can write 




+ • • • . 


(8a) 

(8b) 


where "'A/p are p-independent coefficients depending only on the molecular 
geometry and atomic masses. 
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If we substitute Rq. (8) into Eqs. (3^-(7), Eq. (I) can be written in the fol 
lowing form; 

// - ir? > V'o(»)l + 1(1/2) V PI + (1/2) V »'x*0| 


where 

H' - (1/2) V J\) + + r, 


Wavefunctions ilt„ that are solutions of the Schrbdinger equation 

Ho^ " E'oi/(o (II) 

can t e written as the product functions 

«(»«(«; c?) - (^,(«)|[ 5 ,*J 0 . 4 )) exp(Mx)KII */«(C?)l. (I 2 ) 

r 

where v is summed over I, 3u, 3/>, 4u, 4/»; here i/»,(()) are the inversion wave- 
functions, .VjtJO.d*) expUk\) the symmetric rotor wavefunctions, and ii^((^) the 
harmonic oscillator wavefunctions. The inversion wavefunctions are not 
obtained in the present treatment by a numerical integration of the Schrbdinger 
equation with the operator T? -t- Roltf); 'hey are assumed to be known. 

The product functions (12) are basis functions in which the Schrbdinger problem 
with the Hamiltonian H is solved either by standard perturbation methods or by a 
variational approach (if there is a close coincidence of the interacting levels). In 
this .Section, only a simple example will be discussed to demonstrate the usefulness 
of this approach. 

Let us consider the so-called rigid bender approximation which has been treated 
numerically in Refs. ( / ,2) to obtain information on the inversion potential function 
in ammonia. The rigid bender Hamiltonian cm be written in the form (/) 

//?b = (T? t V’o(»)| + (\l2)tiUJ* - J]) + (13) 

If we expand mJx and in a power series according to Eq. (8a). H\ has diagonal 
and off-diagonal maiiix elements in )/ii(0)(b |/)); 

(/k )*'<r; J,k,m; i) 

* E'^/hc + (/i/4n^t )rV“, + V '*'m«(«|^'|'>I(./( 2 -t- I) - A*1 


+ (/i/47r*r)('V. + 1 


= E^/hc + B,JU + I) -MC, - B,)k\ 
(/if)*'(i’; J, k, m\ /|//l!ft|u: J, k, m\ i + 
* (A/47T'r)( V -I- 2)l(y( 


-K ih/47t^c)lS 
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If we treat thit problem by the standard perturbation theory up to third order, 
we obtain the well-known formula for the energy levels of a nondegenerate vibra- 
tional state and the ith inversion state including sex'jc centrifugal distortion 
coefficients: 



+ BtJU + I) -F (C, - - lyj'PiJ + 1)* - D%J{J + DA* 


- Dir"*' + H%JHJ + I)* -F + I)*** + H'jUMJ -F l)*< + /fl!U*. (16) 


It should be mentioned that from the mathematical point of view such a treatment 
is correct if the series expansions (8) are convergent. We have verihed a rapid 
convergence of the series expansions of all parameters occurring in the Hamil- 
tonian // in Eq. (I), which justifies our procedure. 

Rotational and centrifugal distortion coefficients in Eq. (16), and in other rela- 
tions which could be obtained from higher-order terms in the Hamiltonian by 
perturbation treatment, are effective parameters for the ith inversion state. Their 
relation to the coefficients of the expansion (8a) could be found in explicit form. Tie 
algebra involved in such a treatment is straightforward but rather lengthy and will 
not be carried out in this paper. Instead we concentrate on the determination of 
the effective molecular parameters by a least-squares fit to the experimental data 
(Sections IV-VI). 

It should be noted that in our approach to the parame.erization of the energy 
levels, NHj is treated as a planar molecule of Dm symmetry with a large-amplitude 
motion. Because we use the model Hamiltonian described in Refs. (1.4,5), such 
an approach is physically correct and its advantage is that higher-order effects can 
be described in a lower-order treatment (see the above discussion of the rigid 
bender appioximation). Previous approaches (e.g., (7, 25)) considered ammonia 
as a molecule of Csr symmetry and the vibrarion-rotation Hamiltonian was ex- 
panded in terms of Q in the point group of the equilibrium configuration. Strictly 
speaking this is not physically correct, and the relation between the effective 
molecular parameters and the true physical parameters is not clear in such a treat- 
ment, especially for the excited vibrational-rotational states. 


Ill HIGH-RESOLUTION INFRARED MEASUREMENTS 

The Vi and P 4 bands of ammonia in the infrared were recorded with a 3.5-m focal 
length vacuum grating infrared spectrometer at the Ohio State University equipped 
with a 9 in. x 6 in. (22t^ cm x 15 cm) Bausch and Lomb grating with 40 grooves 
per millimeter and used echelle fashior . The gas sample used was supplied by 
Matheson and Company and was quoted to have a purity of 99.4% of '*NHs. The 
source of continuous radiation was a carbon rod furnace. The measurements were 
made relative to the I -0 band lines of CO and the accuracy is believed to be about 
0.005 cm"'. Other experimental details have been given in detail by Curtis (26). 
Figures la, lb, and Ic display the spectra recorded, along with pressures and path 
lengths used for the ammonia gas. 

Portions of the vi band were examined under Doppler-limited resolution using 
the diode laser spectrometer at I js Alamos Scientific Laboratory (27). This was 
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1122 04 0« OR .10 .12 .14 l« .!• 20 .22 

MINC NUMBER (an'') 

Fill. 2. I'hc >p«cinini uf '*NH| hclMccn 1122.0) mJ 1122.2) cm'* ai recorded with a tunable 
cemiconducior diode lacer, ^hilw>ln| iRi7.A'i and uRi*),V) Sample pre««ure wa« -0.1 Torr in a 
40-cm cell. 

particularly useful fur resolving the sRiJ.K) groupings; sHH.K) is shown as an 
example in Fig. 2. Relative line separations in these spectra were measured against 
simultaneously recorded interference fringes from a germanium etalun. Absolute 
wavenumbers were then obtained by referencing the lines to one transition in 
each group whose wavenumber had been very accurately determined as desenbed 
in the next paragraph. 

Experimental transition wavenumbers for the Vi, 2vt, and *'« bands together 
with their assignments are given in Tables I to III. In the case of the i/, band, we have 
also used the precise values uf the pure inversioti transition frequencies and 
inversion -rotation transition frequencies in the Vt excited state as measured by a 
submillimeter wave spectrometer. RAiy {2H-30), the infrared-microwave two- 
photon measurements ( 16, 17, 31 ) uf the vibratiun-inversion-rotation transitions 
to the vt state, and the ground-state pure inversion transition frequencies (32) 
to obtain precise frequencies of certain vibration-inversion-rotation transitions 
to the I't state (see Fig. 3 and Table I). 

The submillimeter-wave line centers of '*NH, were found to depend linearly 
on the pressure of the ammonia gas in the range 0.2-2 Torr (e.g., the slopes of the 
J,K a 1,1 and 2,2 pure inversion transitions in the t>t state of '^NHj were found 
to be -2.4 MHz/Toit and -H..3 MHz/Torr, respectively). Most of the transition 
frequencies in Table IV were measured at a single value of pressure (in the range 

' The parucular syMem of frequency subilizaiion of the backward wave oscillator used (Belov, 
Gervhsiein. and Maslovskii. in "Proceedings of the IV All Union Symposium on Molecular 
Spectroscopy of High and Superhigh Resolution. Tomsk-Novosibirsk. I97B") makes it possible to 
measure frequencies to a very high degree of accuracy. 
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TABLF I 


* Our infrared grating meaturements unlett stated otherwise, asterisk denotes that this vaiuc has 
not been used in the fit. 

* Blended line. 

' Ref 1/6). 

« Ref. (/<). 

' Ref. Ul). 

'Ref. t/7). 

* Ref. (19). 



1*2.1570 

-0.001 

ttl.114 

1*1.1125 

-0.001 

172. 

172.5**7 

0.002 

•71.7J7 

•71.7171 

0,000 

•in. 117 . 

•51.111* 

0.002 

151.64*7" 

•51.5472 

0.0005 

151.54* 



152.7217" 

•52.721* 

0.0002 

*52.727 



•151.12**2" 

•51.1271 

0.0002 

151.110 



•14.12* 

•14.1210 

-n.ool 

114.011 

•14.0112 

-0.002 

•112. *15 

112. nil 

-0.001 

no. *54 

no. *511 

-0.001 

•11*. *4* 

•1*.*45* 

•0.001 

11*. Ill 

•l*.ll*4 

-0.002 

•15.515 

•15.5*11 

0.00* 

•114.21* 

•14.2411 

0.002 

•12.2*7 

•12.1002 

0.001 

• 0*.714 

•09.7151 

0.001 

741. 221 

7*1.221* 

-0.004 

7*7.451 

7*7.44*1 

-0.002 

•7**. Ill 

79*. 1147 

0.004 

7*4,240 

7*4.2444 

0.004 

7*1.721 

7*1.72*1 

0.001 

711.50* 

711.5112 

0.005 

•710.5*5" 

710.5521 

-0.011 

710.10* 

710.11*1 

0.007 

77*. 5*4 

779.5*57 

0.002 

•771.2*0 

771.2*12 

0.001 

77*. 451 

77*. 4*17 

0.00* 

774.020 

774.02(4 

0.00* 

770. *11 

770.9110 

-0.000 

7*7.017 

7*7.0117 

0.002 

7*2. *19 

7*2. *40* 

0.002 

7*1.921 

7*1. *17* 

-0.001 

•7*0. *95 

7*0. *91* 

-0.001 

751.927" 

751.9111 

0.004 

75*. 51* 

75*. 5171 

0.001 

751.5*0 

751.5*22 

0.002 

749.1*2 

74*. 1*12 

-0.001 

745.2*5 

745.2*11 

-0.001 



''ob* '*cale '’e*l”''ob 

• P 

•4|,212|‘ 

*41.2121 

-0.0005 

1.212 

>21.210 

*21.2122 

0.002 

*01.1*0 . 

90 I .19 M 

0.00* 

90 I .1715" 

*01.17*7 

-0.0011 

*01.115 

*01.112* 

-0.002 

••1.077*' 

111.015" 

Ml . 0711 

0.000* 

• I 7 .***|f 

••7.**«5 

0.0007 

•• I 7. I 7* I ]4 

117.174* 

-0.0022 

1*7. 1771' 

••7. 171 



•• f 7.**0" 

•*1.0001 

0.070 

•1*7. * I 0" 

1*7 . **n 

-0.012 

• I 47. II 2" 

•*7.1721 

-0.010 

••*7.717 

•*7.71*1 

0.002 

1*7.517 

•*7.5204 

0.001 

• . . 

• • • 

• • • 

•47.17* 

147.175* 

-0.000 

•47.7*5 

147.7*22 

-0.001 

••47.571 

•47,57*5 

0.002 

147.11* 

•47.1175 

0.001 

•47,051 

•47.0517 

-0.001 

•127.157" 

•27. 1741 

o . ct * 

••27,157" 

•27.112* 

-O.C/4 

127.701 

•27.7014 

-0.002 

••27.4*1 

127. 4171 

-0.001 

127.202 

127.2012 

-0.001 

•2*. 154 

12*. 1551 

0.001 

12*. 470 

12*. 4705 

0.000 

107.171 

•07.1714 

-0.002 

•07.71* 

107.721* 

0.00* 

•107.4*1 

•07.47*1 

0.00* 

107.141 

•07.144* 

-0.001 

•0*.744 

10*. 7112 

-0.00* 

10*. 211 

10*. 2744 

-0.007 

•05.775 

105.7711 

0.004 

•711. 079" 

711.0707 

-0.001 

•711. 014" 

711.0211 

-0.011 

717.151 

717.1511 

0.000 

•717.572 

7*7.577* 

0.00* 

7*7, 1*7 

717.200* 

0.004 

71*. 721 

71*. 7114 

0.00* 

71*. 1*4" 

71*. 1*14 

0.007 

715.5*4 

7«5.5**4 

0.002 

714.97* 

714. *7*0 

0.001 



rSiB «i^ fTfci 


1 


LU> -.b 'S« 

1 







• loo 

• lOb 

S74b 

Tti 

17* 

70J 

• 4« 
4tl 
071 


74t.l207 
741.761* 
74t.)66J 
741.2111 
747.7*17 
747.11*1 
746.4*1* 
74*. 7076 
744.1*12 
741.**** 
741.0644 


P.Oll 

0.041 

0.001 

0.001 

0.004 

0.007 

0.001 

0 . 00 * 

0.002 

0.006 

0.014 


727.102* 
727.21*0 
726.1077 
724.4**6 
722.1*1* 
71*. 616* 
71*. 2414 
712.01*4 
707.0172 
700.16*0 


0.007 

0.016 

0.001 

0.021 

0 . 00 * 

0.010 

0.001 

0.006 

0.014 

0.000 


727 

727 

•72* 

724 

722 

71* 

716 

712 

707 

700 


*10 

2*1 

10*^ 

*17 

1*1 

647 

241 

01* 

0*1 

«** 


•711 

•710 

710 

•70* 

•707 

•70* 

702 

6*1 

61* 

6*1 

61* 

671 


02 * 

7**b 

0*lb 

*l»b 

*i0b 

741 

727 

7*0 

010 

211 

17* 


710.162* 
710.111* 
71C.1612 
701.01*1 
707. *410 
70S. *014 
702.1217 
6*1.7271 
***.1011 
641.02*7 
61*. 2*1* 
671.1670 


0.06* 

O.Ol* 

0.007 

0.011 

0.042 

0.042 

0.014 

0.000 

0.012 

0.004 

0.022 

0 . 00 * 


72* 

72* 

•721 

721 

727 

726 

•72* 

72* 

724 

721 

721 


41* 

20 * 

122 

111 

6*1 

941 

10*b 

101 

0*2b 

007 

*71 


721.41*6 
721.200* 
721.1171 
721.11*0 
727.6*10 
726.11*7 
726.061* 
72*. 0*40 
72<.0*00 
722. «*6* 
721.1*46 


O.OOl 

0.001 

0.016 

0.004 

0.001 

0.007 

0.047 

0.007 

0.001 

0 . 01 ) 

0.021 


121 “ 

12*b 

0**b 

6**b 

Ollb 

420 

*l*b 

64* 

**0b 

411 

1*7 

462 

774 b 


•710 

•710 

•710 

•70* 

•70* 

701 

•707 

706 

•70* 

704 

701 

701 

700 


ilO.!!*’ 
710.2112 
710.0*4* 
701.664* 
704.121* 
701.414* 
707.6061 
706.141* 
70*. *76* 
704.4116 
701.1146 
701.4477 
700.7461 


0.001 

0.040 

0 . 01 * 

0.001 

0.026 

0 . 01 * 

0.021 

0.001 

0.027 

O.OCl 

0.006 

0 . 0 )« 

0.027 


•641.111b 
•641.21)b 
•*42.24l‘> 
640.767 
•611.144b 
•616.141b 
•*ll.l**b 
*74.6*1 
•67*. l**b 


641.404* 
6' 1.2141 
642.21*1 
640.7*21 
611.1017 
616.1621 
611.1441 
674.6*47 
67*. 1100 
664.7**6 
661.22*7 
6**. 4611 


0 . 0 ** 

0 . 0*1 

0.062 

0.017 

0.040 

0.024 

0.011 

0.007 

0.024 


467. 44774c 467.4410 0.0001 I 411.6277*0 *11.6216 


0.0001 


4*7.4** 


411.6210 

411.612 


* Value calculated from the microwave grounu vtale inveriion ficiiuencies. the submillimeler V| 
invenion frettuenciei. and the hi^l.-revolulion inliared vibralion-inverMon rolalion iraniition 
freguenciev (see text). 

' Ref. ( 20 ) 

' Value calculated from the frequency difference (resolved K structure) in Ref. (/(I). 

‘ Value calculated from the microwave ground-state inversion frequencies, the submillimeter in- 
version-rotation frequencies, and the high-resolutio'- infrared vibralion-inversiun rolalion Iranutiun 
frequencies (see (ext). 

' Our diode laser measurements. 
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OF POOR QUALITY 


URBAN f^r AL. 


TABI.E I —ConimurU 


'*ob* 

'*cale 

''eir''ob 

''oba 

'*calc 

'’car''ol 




* • . 

* * * 

* * • 

• 74*. 404b 

74*. 1761 

>0.011 

•761 . 104 b 

761.111 . 

0.002 

•74*.l»4b 

74*. 1 760 

-0.011 

•761. 107b 

761.12*1 

0.014 

744.440b 

744.4804 

•0.004 

•7*7.112 

7*7.1144 

0.0011 

•741.112 

741.1047 

-0.007 

767.401 

787. 1444 

-0.004 

741.622 

741.6174 

•0.004 

766.177 

766.1711 

•0.004 

714.114 

7.4.17*4 

•0.004 

766.241b 

766.2*4* 

0.01 1 

71*. *11 

716. *12* 

-0.000 


76*. *621 

•o.oos 

712.444 

712.44*6 

- 0.001 

764.124 

764.1227 

•0.001 

721. Slab 

721. *700 

- 0.010 

784,074 

784.07 14 

-0.001 

721.27* 

721.2714 

-0.004 


«• 1 - 


i SS 

i 


i 





*»7.774»7h 

»»7.777i 

•67.7)160^ 

«»7.7JiS*c 

»»7.73i4l’ 

<(7.74t 


•«7.40tl0h 

*47.407Jf 

•«47.)4t32<^ 

«67.3«7 


»67.0302>' 

<(t.«ll4h 

9t6.t«5b 

•«44.*0I<> 

tte.141 

«66.tlS0>' 

946.I14 

«(i.i30 

*<6. 473th 
166 . 473 ^ 
tee. 474 
•I66.37t87h 
t««.3t04C 
tt6.37t 
t6t.2tt31C 
t6t.2tt3S’ 
tt6.2it 


966 .ISIOO' 
966.151 


• '•65.9I2*> 

’ 65.904 
•965.792<> 
965.767 
965.65222h 
965.6520C 
965.649 
965.49939h 

965.501*5 
965.496 
965. 355*5 
965.352 


•965.1373C 




f 


Of POOR QUALITY 


■>1. 2¥,. AND STATES OF '*NH, 
TABLE I — CommHtd 


■0 

967.7746 

967.7366 


0.0001 

0.0000 


967.4490 

967.4067 - 

967.3441 - 


967.0307 

966.9606 

966.9049 

966.6146 


966.5324 

966.4735 


966.3621 


966.15^2 


965.9676 

965.6969 

965.7904 


- 0.0001 

- 0.0022 

0.0005 

-0.0006 

-0.003 

- 0.0002 


b.002 

'004 


0.0022 

- 0.0002 


965.3515 

965.2720 

965.1452 


-0.006 

0.0079 


'’ob* 

'*c«lc 

''c«l"'’ob 


•0 


932.11610^ 

932.107b 

917.1161 

0.0000 

911.131420 

911.11146' 

tll.llitc 

911.112 

911.3116 

0.0004 

912.666 

912.6606 

-0.005 

912.09402O 

912.107b 

912.0916 

-0.0005 

•910.75697b 

910.7557C 

910.760 

910.7574 

0.0004 

911.6419' 
til. tub 

911.6422 

0.0001 

911.07620 

911.061 

911.0751 

•0.0009 

•911.771 

911.7729 

•0.000 

925.6962' 

929.69640 

929.694 

929.6964 

0.00U2 

914 999 

914.9946 

•0.004 

914.2524' 

914.244b 

914.2526 

0.0002 

•912.992410 

112.912269 

912.994 

912.9919 

•0.0005 

911.17745b 

911.177350 

931.1776' 

931.165 

911.1766 

•0.0009 

928.7543' 

926.75470 

928.755 

928.7549 

0.0006 

916.111 

916.1068 

•0.004 

915.592 

935.5933 

0.001 

•934.177 

914.1614 

0.004 

912.61589' 

912.615629 

932.614 

912.6159 

0.0000 

910.106510 

910.109 

930.1058 

•0.0007 

927.12126' 

927.121219 

927.12340 

927.126 

927.1240 

O.OOOB 

917.736 

937.7424 

0.006 

937.063 

917.0609 

•0.002 

•935.9014b 

935.9038 

0.0004 







ORIGINAL PAGE IS 
OF POOR QUALITY 


TABLE I — ('onunutd 


9]2.0ini>> 
5J-;.014 
929. UUf 
929.141 ^ 
•924.9977' 
924.498 

9J9.244‘» 

•93l.424»» 

•9J7.416 

•919.914‘> 

931.82400C 

933.8264' 

933.833^ 

931.12190C 

931.1227' 

911.124'’ 

927.74196C 

927.739 


939.2637 

938.6164 

937.4182 

934.9376 

933.8274 


'940.840b 
940.234b 
'939.197 
937.6989' 
937.701 
939.710 
931.14744b 
913.1471C 
913.192 . 
929.9711' 
929.969d 
929.944 
926.04484C 
926.047 


940.8314 

940.2212 

919.1817 

917.6929 


929.9712 0.0001 


926.0424 -0.0034 


921.244 

942.4206' 

941.872b 

940.840b 

919.488b 

937.6119^ 

917.604 

934.2216' 

934.221 

912.231<1 

932.233 

928.4481* 

928.449 


921.2611 

942.4201 

941.8414 

940.8612 

919.4618 

937.4988 


0.006 

0.0004 

0.030 

0.013 

0.026 

0.0132 


934.2169 -0.0047 


928.4490 0.0009 


J K 

'’obi 

'’calc 

''car'’ob 


•0 

7 4 

964.140 

964.9797b 

964.982<> 

964.9800 

0.0001 

7 4 

964.982 

964.79006® 

964.7901 

0.0002 

7 6 

964.790 
964. 4944 c 
964.496b 

964.4947 

0.0001 

7 7 

964.42410C 

964.428b 

964.4241 

0.0000 

8 1 
8 2 

•964.496b 

964.6981 

964.6077 

0.012 

8 1 

•964.428b 

964.4621 

0.014 

8 4 

964.271 

964.2692 

-0.P02 

8 4 

964.04114b 

964.044 

964.0411 

0.0002 

P 6 

963 . •’9607b 

961.6410 

961.7962 

0.0001 

8 7 

961.787 

961.44919b 

963.4482C 

961.4487 

-0.0007 

8 8 

963.444 

963.16262C 

961.1627 

0.0001 

9 1 
9 2 
9 3 

961.362 

964.0219 

963.9206 

961.7460 


9 4 

961.S14lh 

961.4142 

0.0009 

9 4 

963.276b 

961.2691 

-0.007 

9 6 

962.97368C 

962.974 

962.9711 

-0.0003 

9 7 

962.6704b 

962.6736® 

962.6698 

-0.0007 

7 8 

962.673 

962.18840b 

962.1878® 

962.3888 

0.0001 

9 9 

962.189 

962.167 

962.1714 

0.004 

10 1 
10 2 
10 3 
10 4 
10 4 

962.4894b 

961.1174 

963.2240 

961.0414 

962. 7411 
962.4892 

-0.0001 

10 6 

962.1448b 

962.1414 

-0.0011 

10 7 

•961.760b 

961.7742 


10 8 

961.4113b 

961.409 

961.4110 

-0.0001 

1 







OF POOR QUALITY 


t>t. 2n. AND STATES OF -NH; 


TABLE I — Cotumued 


»J1.77*4i »51.77*» -0.002J 

>J1.77S 


•71.112249 
»71.St204C 
971. IS2 

992.694 

992.4S019l< 

992. 4S2 

991.69069>< 

991.6914C 

991.690 


992.7001 0.006 

992.4S00 -0.0002 


991.6903 -0.0004 


1013.175Bh 1013.1757 -0.0001 

1013.174 


961.016 

960.952129 

960.117 

961.0970 

960.9522 

0.001 

-0.0001 


962.6590 

962.5157 



961.1114 


*961.125‘> 

•960.957k> 

960.446 

960.019V09 

960.019 

9*:. 0576 
961.7165 
961.1219 
960.9909 
960.4461 
960.0199 

-0.001 

0.014 

0.000 

0.0000 

959.656 

959.6544 

-0.002 

959.401 

919.4071 

-0.001 

951.975 

951.499 

962.0012 

961.9697 

961.6475 

961.1442 

960.9662 

960.5217 

960.0115 

959.5099 

959.9959 

959.4969 

0.011 

-0.002 

959.019 

917.915 

959.0924 

957.9190 

0.001 

0.004 


... 

... 

... 

1007.5474) 

1007.544b 

1007.5471 

-0.0001 

1007.54069b 

1007.544b 

1007.5406 

-0.0001 

1027.0467^ 

1027.040b 

1027.0471 

0.0004 

1027.0331b 
1027. Oils' 
1027.040b 

1027.0129 

-0.0002 

•1046.4056' 

1046.192b 

1046.4051 

-0.0003 

1046.4009' 

1046.392b 

1046.4009 

0.0001 





924.069 

•24.0619 

-0.004 

919.6209' 

919.6396 

0.0097 

919.620 

941.4491 ' 

944.0025 

941.4516 

0.0054 

941.496b 

*942.56671 

943.5290 

-0.0177 

942.569 

•941.255b 

941.2109 

•0.044 

•919.499b 

919.4676 

-0.020 

917.273b 

917.2494 

-0.024 

914.471b 

914.4939 

0.011 

•911.124b 

911.0691 

-0.055 

926.99456b 

926.9969 

0.0022 

926.9944b 

926.997 

921.9120' 

921.7999 

-0.0121 

921.910 

915.665 

915.6900 

0.015 

•94S.0919'b 

945.5772 

945.0511 

-0.0407 

•944.1915' 

944.1696 

-0.0141 

•942.9169'b 

943.93:7 

-0.0151 

•913.501b 

941.3649 

919.2191 

916.6600 

913.5147 

0.014 

934.9499* 

939.6613 

•34.9547 

0.0049 

934.943 

919.264 

919.2441 

-0.030 

912.195 

912.4029 

0.019 


















TABLE I — Conlinued 


1012.44)]>< 1012. 4444 >0.0001 

1012.442 

•1011.201S0* 1011.2032 >3.0001 

1011.201S‘: 

1011.202 

•1014.241 1014.2409 >0.004 

1014.012l*< 1014.0141 0.0011 

1014.011 

1011. mih 1011. 1166 O.COOl 

1011 . 11 « 

•1012.1111» 1012.1111 0.0000 

1012.129 

1010.4222>< 1010.4217 >0.0009 

1010.421 


1094. 2911^ 1094.2941 

1094.294 

•1091.11044^ 1091.1120 

1091.119 

1091.9120T>> 1091.9121 

1091.917 

1049.14632h 1049.1496 

1049.149 

•1076.013 1076.0164 

1079. 1216^ 1079.6294 

1079.624 

1079. 2024^ 1079.2091 

1079.207 

•1074.1477h 1074.1909 

1074.192 

1072.6262» 1072.6266 

1072.631 

1070.9909^ 1070.9914 

1070.994 

1067.971lh 1067.9719 

1067.976 


0.0002 


0.0027 


0.0026 


0.0009 


0.0002 


1096.6906» 

1096.662 

1096.1112' 

1096.112 

1099.1296h 

1C99.124 . 

1091.7119* 

1099.719 

1091.6120>< 

1091.616 

1069.1704>' 

1069.370 


1096.6900 >0.0006 


1099.1266 >0.0006 


1069.1704 0.0000 


''obs 

'*c«le 

'’c6l*'’ob 

■ R 

1046.1661* 

1046.192^ 

1046.1661 

0.0000 

•1046. 17490h 
1046. 179<> 

1046.1749 

0.0000 

1046.192*) 



1069.9944* 

1069.976*) 

1069.9990 

0.0006 

1069.9624* 

1069.976*) 

1069.9620 

>0.0004 

•1069.9699* 

1069.9677 

0.0022 

1069.976*) 

1069.9616* 

1069.976*) 

1069.9636 

0.0000 

•1064.6296* 

1064.6276 

>0.0020 

1064.6244* 

1064.606*) 

1064.6246 

0.0002 

1064.6062C 

1064.606*) 

1064.6102 

0.0020 

•1064.991060 

1064.9910 

>0.0001 

1064.606*) 

1064.961710 

1064.606*) 

1064.9617 

9.0000 

1064.999240 
1064. 606^ 

1064.9966 

>0.0004 

1101.4646* 

1101.492*) 

1101.4664 

0.0016 

1101.4666* 

1103.492*) 

1101.4696 

0.0010 

•1101.4397* 

1101.4476 

0.0061 

1101.492*) 

1103.4293* 

1101.4310 

0.0017 

1101.492*) 

1101.4124* 

1101.4142 

0.0016 

1101.492*) 

1101.4764* 

1101.4792 

0.0006 

1101.492*) 

•1122.1861* 

1122.1784 

>0.0077 

1122.112*) 



1122.1792* 

1122.112*) 

1122.1761 

>0.0009 

1122.1606* 

1122.132*) 

1122.1962 

>0.0024 

•1122.1332* 

1122.112*) 

1122.1309 

>0.0027 

1122.1042* 

1122.1320 

1122.1043 

0.0001 

1122.0917* 

1122.112*) 

1122.0914 

>0.0001 

1122.1161* 

1122.112*) 

1122.1179 

>0.0006 



Of POOR gUWJTY 


Pt. 2 p,. and p« states of >*NH; 


TABLE l—ConiiHUfd 


Note added in prtHif : for aR(9,9) is 1 122.05$5 cm~' from our diode laser measurements (see Fig. 2). 




— 

10l(.1044h 

10l«.2tS 

1096.10)2 

•0.0012 

•1117.642 

1117.60)6 

-0.0)9 

•1117.4SJ‘> 

1117.4561 

0.001 

1116.922 

1116.9200 

-0.002 

•1116.015 

1116.0100 

-0.005 

1114.701 

1114.69^2 

-0.004 

1)12. 941^ 

1112.4457 

0.005 

1110 617 

1110.699) 

0.002 

1107.941 

1107.950) 

0.007 

1104.129 

1104.1)11 

0.002 

1119.091 

1119.0777 

-0.001 

1117.597 

1117.5919 

-0.015 

•1116.7590 

1116.742) 

-0.017 

1115.559 

11)5.5)69 

-0.022 

1111.944 

11)1.9297 

•0.015 

1111.969 

1111.9629 

-0.005 

1129.259 

1129.26)0 

0.004 

1126.025 

1126.0)14 

0.006 

•1122.1120 

1122.05)6 

-0.079 

•1159.6610 

1159.6099 

-0.051 

•1159.4910 

1159.5200 

0.027 

•Hi, .0490 

1159.0600 

0.011 

•1157.101 

1157.2846 

•0.016 

1156.2090 

1156.1770 

-0.012 

1154.7140 

1154.7079 

-0.026 

1152.9510 

1152.9295 

-0.022 

1150.495 

1150.4716 

•0.01) 

1147.515 

1147.5)99 

0.004 

1141.908 

li4).91)5 

0.005 

1119.471 

11)9.4646 

-0.006 

•1178.7010 

1178.7691 

0.065 

1179.119 

1179.1165 

0.019 

•1177.5910 

1177.61)5 

0.021 

•1176.6190 

1176.5995 

-0.029 

•1175.2910 

1175.2441 

-0.049 

•1171.5910 

1171.5199 

-0.041 

1171.415 

1171.4156 

-0.019 

1169.791 

1169.7921 

0.001 

•1165.4970 

1165.5222 

0.025 

*1161.49)0 

1161.4957 

0.011 

1156.555 

1156.5574 

0.002 





1122.2046< 

1122.20)9 

-0.0007 

1122. 1)2» 

1140.697' 

1140.6999 

0.C02 

1140.629'> 

1140.677' 

1140.6749 

-{ .002 

1140.6290 

•1140.624' 

1140.6404 

0.016 

1140.629b 

1140.601' 

1140.60)6 

0.00) 

1140.629b 

1140.575b' 

1140.5769 

0.002 

1140.629b 

1140.575b' 

1140.5791 

0.001 

1140.629b 

1140. 610' 

1140.6122 

0.002 

1140.629b 

1140.769' 

1149.7725 

0.004 

1140.629b 


1159.0419 

1159.0479 

1159.0199 

1159.9776 


•1159.165b 

1158.9299 


•1159. 910b 

1159.9951 

1158.9624 

1159.99)0 

1159.9771 

1159.1951 


•1176.999b 

1177.2275 

1177.1944 

1177.1416 

1177.0820 


1177.0199 


•1177.111b 

1176.9719 

1176.9511 

1177.0061 

1177.1515 

1177.4422 

1195.2250 

1195.2426 

1195.2018 

1195.1411 


•1195.176b 

1195.0669 


•1195.511b 

1194.9947 


•1194. 92)b 

1194.9099 

1194.8609 

1194.8620 

1194.9458 

1195.1547 

1195.5449 
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TABLE li 

Observed and Calculated Transition Wavenumbers in the 2i<i Band of '*NHa (cm'*)* 


J 

K 

''ob# 

'’calc 

''eal*''ob 

''oba 

'*calc 

''cal*'’ob 


L 


1 

0 

1862,289° 

1862.2852 

0.000 

... 

. . a 

... 

2 

0 

. . . 

• . . 

. • • 


1557.4402 


2 

1 

1842, 099<^ 

1842.0978 

-0.001 

1556.904 

1556.8966 

-0.007 

) 

0 


1821.0697 


. • • 

• • • 

... 

3 

1 

1821,299° 

1821.2542 

-0.001 

•1538.012b 

1518.0872 

0.075 

3 

2 

1821,814° 

1821.8138 

OsOOO 

1536.458 

1516.4411 

-0.017 

4 

0 

. . . 

. . . 

• . * 

1520.442b 

1520.4775 

0.0 36 

4 

1 

1799,9991<> 

1799.9994 

0.0003 


1519.8926 


4 

2 

Ul0,9218d 

1800.5246 

0.0028 

1518.205 

1518.1647 

-0.040 

4 

3 

1801,4303d 

1801.4327 

0.0024 

•1515.137b 

1515.4286 

0.092 

5 

0 

•1778,244° 

1778.2226 

-0.021 

• • • 

• • • 

. . . 

S 

1 

1778. 399 c 

1778.3929 

-0.006 


1502.3794 


S 

2 

1778,876° 

1778.8763 

0.000 

1500.522b 

1500.5565 

0.034 

J 

3 

1779.714° 

1779.7129 

-O.OCl 

•1497.672b 

1497.6352 

-0.037 

5 

4 

1780. 998C 

1780.9556 

-0.002 

1493.875 

1493.8663 

-0.009 

6 

0 

. 6 . 

• • • 

* • . 

1486.245b 

1486.2533 

0.008 

6 

1 

1756.908° 

1756.5051 

-0.003 


1485.6175 


t 

2 

1756.935° 

1756.9399 

0.004 


i483.6886 


6 

3 

1757.689° 

1757.6934 

0.004 


1480.5728 


6 

4 

1758. 812C 

1758.8155 

0.003 

1476.431b 

1476.4561 

0.025 

6 

S 

1760.390° 

1760. 3883 

-0.002 


1471.7711 


7 

0 

•1734.303° 

1734.2412 

-0.062 

. . . 

. . . 

... 

7 

1 


1734.4161 



1469.6770 


7 

2 

1734.804° 

1734.7962 

-0.008 

1467.645 

1467.6287 

-0.016 

7 

3 

1735.460° 

1735.4564 

-0.004 


1464.3072 


7 

4 


1736.4429 



1459.8671 


7 

5 


1737.8324 


1454.585b 

1454.5811 

-0.003 

7 

6 

1739.739° 

1739.7455 

0.007 

1449.227 

1449.1740 

-0.052 

1 

0 

. . . 

9 . • 

. . . 


1455.3211 


8 

1 

1712.225° 

1712.2137 

-0.012 


1454.6262 


8 

2 

1712.531° 

1712.5341 

0.003 


1452.4169 


8 

3 

1713.084° 

1713.0923 

0.008 


1448.8888 


8 

4 

1713.928° 

1713.9301 

0.003 


1444.1124 


8 

j 


1715.1188 



1418.3818 


8 

6 

1716.780° 

1716.7706 

-0.009 


1431.9797 


8 

7 

1719.039° 

1719.0563 

0.017 


1426.1215 


9 

0 


1689.7693 


. . . 

. • • 

• • • 

9 

1 

•1690.006*» 

1689.9922 

-0.014 


1440.5109 


9 

2 

1690.215b 

1690.2488 

0.034 


1438.1608 


9 

3 

1690.664b 

1690.6977 

0.034 

1434.318 

1434.3468 

0.029 

9 

4 

1691.357b 

1691.3764 

0.019 


1429.2611 


9 

5 

1692.354 

1692.3494 

-0.005 


1423.1118 


9 

6 

1693.736 ^ 

1693.7206 

-0.015 


1416.1252 


9 

7 

1695.6462° 

1695.6492 

0.0030 


1408.6681 


9 

8 


1698.3710 



1402.6953 


10 

0 

. . . 

• . 6 

. . . 


1428.2666 


10 

1 


1667.8509 



1427.4485 


10 

2 


1668.0405 



1424.8197 


10 

3 


1668.3745 



1420.6748 


10 

4 


1668. PB56 



1415.2408 



* Our infrared grating measurements unless stated otherwise; asterisk denotes that this value has 
not been used in (he fit. 

" Blended line. 

' Calculated from the frequency of the hot band 2vi •— >>| transition (our measurements), i>, 
frequency, and the ground-state pure inversion transition. 
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2-,. AND f, STATES OF “NH, 


TABLE ll—CoHliiwri/ 



■ 4Vr- I 


! I 

:h-f‘ ■ ’ k- 


I ■,•• r 


14CI.724» 
1401.3101 
im.i44» 
1114.7313 
1170. 0795 


•i*. ■' 

1 ■ 


- V- •• L 




.i ap iii iw, - 



•0 

aO 

1 

1 

1S81.0646<I 

1881.8637 

-0.0009 

1596.634 

1596.6426 

0.008 

2 

1 

1B80.8S42<> 

1880.8521 

-0.0019 

•1597. 594h 

1597.6566 

0.063 

2 

2 

llB1.4389d 

1881.4400 

0.0011 

1596.046b 

1596.0378 

-O.OOfi 

3 

1 

1879. 368C 

1879.3695 

0.001 


1599.2261 


3 

2 

1879.9299<1 

1879.9319 

0.0020 

•1597.594b 

1597.5343 

-0.060 

3 

3 

1880.8999d 

1880.9022 

0.0023 

•1594.810b 

1594.9588 

0.049 

4 

1 

1877.45Bt<l 

1877.4555 

-0.0031 


1601.3986 


4 

2 

1877.9836<1 

1877.9848 

0.0013 


1599.6205 


4 

3 

1B78.8987<1 

1878.8985 

-0.0002 

1596.790= 

1596.7743 

-0.016 

4 

4 

18B0.2S14<1 

1880.2501 

-0.0013 

1591.157b 

1593.1115 

-0.046 

5 

1 

1875.168= 

1875.1619 

-0.006 

1604.181b 

1604.2259 

0.04S 

5 

2 

1875.648= 

1875.6511 

0.003 

1602.347= 

1602.3501 

0.003 

5 

1 

1876.4937«1 

1876.4960 

0.0023 


1599.3234 


5 

4 

1877. 74712* 

1877.7471 

0.0000 

1595.341= 

1595.3325 

-0.008 

S 

5 

1879.4923= 

1879.4879 

-0.0044 

1590.859b 

1590.8111 

-0.048 

6 

1 

•1872.561= 

1872.5510 

-0.010 

lt.07.775 

1607.7600 

-0.015 

6 

3 

1872.994= 

1872.9917 

0.000 

1605.778= 

1605.7729 

-0.005 

6 

3 

1873.7638= 

1873.7590 

-0.005 

1602.543= 

1602.5540 

0.011 

6 

4 

1874.887= 

1874.8918 

0.007 

1598.248= 

1598.2586 

0.011 

6 

5 

1876.4821= 

1876.4764 

-0.0057 

1593.167= 

1593.1610 

-0.006 

6 

6 

1878.6270= 

1878.6290 

0.0020 

1588.016 

1587.9868 

-0.029 


* Calculated as indicated in footnote c but the diode laser measurements of the 2v, — v, 
frequency (20) have been used. 

' Ref. t^;i. 

' Assigned as the 2v, frequency although the corresponding upper stale has the largest contnbulion 
from the state (see Section VI and Table XIII). 
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TABLE II — CoHimmed 


1 


1169.69)1 


1170. OllC 

1170.0146 

0.00) 

1170. 715C 

1170.7607 

0.026 

1171.76)0 

1171.765) 

1171.1709 

0.002 

1175. 1020 

1175.0919 

-0.010 

1977.6110 

1177.7015 

0.020 

1166.6600 

1166.6690 

0.009 

1166.9790 

1167.0012 

0.024 

1167.5590 

1167.5122 

0.024 

1166.4100 

1161.4447 

0.0)5 

1169.6610 

1169.6571 

-0.004 

1171.14)0 

1171. )254 

-0.011 

1I7).60I7«1 

1171.6116 

1176.7547 

0.0029 

1161.5)0 

1161.5615 

0.0)1 

116). 146 

116). 1)5) 

-0.011 

1164. )90b 

1164.1105 

1165.0214 

1166.0275 

1167.4255 

1969.1657 

1172.0720 

1175.1676 

-0.079 


1160.4619 

1160.6721 

1161.016 

1161.5902 

1162.1794 

1161.49)2 

1165.0694 

1167.1151 

1170.5)57 

1175.1511 


1169. 1010<* 

1157.4677 

1157.6119 

1157.1650 

1151.2510 

1151.1151 

1159.6)41 

1160.1)24 

1162.6012 

1165.2229 

1169.1005 

1974.79)9 

-0.0005 


■ R 

1920.6200<> 

1920.4110 
1920. 6'91 

-0.0019 


Ull.Ul 
•U0«.29Tt> 
•1*00, 27«b 
1S71.6S2 
lStt.114 
ISll.OHb 

M«20.«01» 


1605. Oil 
1SI7.7H 


•16]0.2II>> 


1591. IJ7 
1517.1)1 
1572.116 

•1640.I2)I> 


>1607.502*> 
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1612.0526 

1609.9)21 

1606.4994 

1601.9059 

1596.1671 

1590.2274 

1514.6165 

1617.15)7 

1614.1596 

1611.17)1 

1606.2694 

1600.1522 

1591.6557 

1516.5474 

1510.9141 

1621.1060 

1620.5600 

1616.55)1 

1611.1151 

1605.0545 

1597.9567 

1590.2206 

1512.19)7 

1576.919) 

1629.9121 

1626.9599 

1622.5564 

16)0.20)2 

1625.1) 11 
1611.4005 
1609.9729 

1599.1) 41 
1517.111) 
1572.1566 

16)7.1257 

1640. 1619^ 

16)9.2122 

16)6.1)02 

16)1.4951 

1625.2017 

1617.2021 

1607.5)1) 

1596 2)44 

1511.2191 
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TABLE II — Cimliimrd 


l«ll. «(■!<) -0.0005 

lOlO.SSiT^ lflO.5510 0.0011 

l«5i.C277 

l»5i. 12*70 1«56.025 «i -O.OOl* 

1*57.1*040 1*57.3*20 O.OOU 

l*5(.l«ll0 1*M.1M0 -0.0001 


1*74.2245 
1*74.75*4 
1*75.67*00 1*75.6*16 

1*77.04210 1*77.0416 

1*40. *«1* 
1**1.2071 
1**1.7050 
1**2.5616 
1**1.1254 
1**5.511*0 1**5.5760 


0.0026 

0.0005 


2007.02*7 
2000 . 2*21 
2000.0611 
2010.2162 
2011.014* 
2011. *755 

2021.0772 
2024.14*2 
2024.5517 
2C25.2506 
2026.27*0 
2027,70*2 
202*. 6467 
2012.256* 


2040.21*1 

2040.5*96 

2041.1950 

2042.0**7 

2041.1152 

2045.0101 

2047.12*1 

2050.4556 

2055.776* 

2056.1725 

20SC.4670 

2056.9746 

2057.7260 

2050.7751 

2060.2121 

2062.1772 


1*25.5701 

1*22.7002 

1*10.4155 

1*26.27*2 

1*21.4617 

1*15.0464 

1*06.94*6 



• ^ ’ ** ■ 
•* *.A * ■ * 

[ 

! 


I 

• ) 



;; 
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TABLE II — CimimufJ 


J 


''ob» ''cole '’c«l*''ob 

''ob* 

''c*lo 

''e*l*''ob 



•R 

» 

1 

20S4.M1* 

17*7.111 

17*7. lOIS 

•0.011 

f 

9 

20tl.*Ilt 

17IS.I24 

17IS.I010 

•0.020 

10 

0 

• • • • • • • • • 


lISI.llll 


10 

1 

2072.01*2 


1IS1.I412 


10 

2 

2072.2707 


loss. 4*14' 


10 

1 

2072. *7S2 


1IS1.**7I 


10 

4 

2071. 27S4 


1IS1.0444 


10 

s 

2074. Ills 


114*. 71*0 


10 

* 

207S.2I41 


1140.7111 


10 

7 

207*.M«« 


1I11.1*1S 


10 

1 

2071.1*10 


1124.002* 


10 

0 

2012. 1S44 

•1111. ISl 

1111.2*11 

•0.0*0 

10 


201*. 1111 

1100. ISO 

1100.1111 

0.014 


0. 3-0.6 Torr); the accuracy of those frequencies is about MHz. The fre- 
quencies obtained by extrapolating to zero pressure from at least three measure- 
ments at different pressures are determined with the accuracy of ^0.2 MHz 
(Table IV). 


IV GROI ND STATE ROTATIONAL AND CENTRIFUGAL DLSTORTION CONSTANTS 


Combination relations have been used in evaluating the molecular constants 
of the ground state of '^NHj. In the standard application of this method to NHi, 
rotational and centrifugal distortion constants are obtained separately for the 
symmetric and antisymmetric components of the inversion doublet. We have 
moditied this treatment so that all the infrared data are processed simultaneously 
with the microwave pure inversion transition frequencies, using the following 
equation in addition to the standard combination relations: 

XiJ.K) - 0.79.34115 + ("•«, - + I) 


- -FI)* - -t- DAT* 

+ - "'H'ijAJHJ 1- D* -I- [‘-’HU - '‘’H’jjAJHJ + l)*/f* 

^ -F 1)A:‘ + {['"To - - r-C. - •'■«.|)Af* 

- C-DX - -F C-//X** - '*’//L/r|A'V (17) 

The values of the molecular parameters obtained in this way are then con- 
sistent also with the experimental inversion frequencies: they are listed in 
Table V. In this and all other fits the weights of the experimental data have been 
chosen to be inversely proportional to the squares of their estimated dispersions. 


V CORIOLIS AND /-TYPE INTERACTIONS IN THE EXCITED 
VIBRATION-INVERSION STATES OF '*NH, 

The lowest-lying vibration-inversion energy levels of '^NHs (Fig. 4) form a 
complicated system of interacting levels. In order to keep the problem in a 
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K,. 2n. AND f, STATES OF '•NH, 


TABLE III 


OtMcrvcd ami Calculaicd TnuiMiKXi Watcnumbcrt m lh« f, Band of **NH. IcnT'l* 


U10.4»T1 

1572. }0*4 
1574,1405 
1575. 47J2 

1554.7)17 
1551.24)1 
1541. )M5 
1544,1027 

15)4.0)21 
1540.5712 
154). 1055 
1544. )045 
1541.4271 

1522.4510 
1524,7044 
1527.0520 
1525.2215 
15)1.1241 
15)2.44)0 

1504.1241 

1505.5479 

1511.2770 

1512.570) 

1514.5)7) 

1515.44)7 

1514.4225 

1454.5140 

1455.4511 
1454.425) 
1457.7002 
1454.7442 
1455.4154 

1500.4) 52 
1500.5200 

1442.4442 
1441.0074 
144). 2177 
1411.5720 
1414.0214 
1414.5527 
1415.1511 
1415.4544 
1414.5401 

1472.0)71 

1471.4445 

1471.2074 

1470.7454 

1470.4) 55 


■ Our infrared grating measurements unless stated otherwise, asterisk denotes that this value has 
not been used in the fit. 

* Blended line. 

' Assigned as the ><« *.T (AT - P. Q, R) frequency although the corresponding upper stale has the 
largest contribution from the state (see Section VI and Table XIII). 


''ofea 


'’eal*!^ 


#^P 


1410.015 

1410.05)7 

0.010 

1550.414 

1550.4540 

0.010 

1554. IlOh 

1554.7)55 

-0.024 

1571. 12)h 

1571.4415 

0,015 

1575.152 

1575.45)0 

0.004 

1575.144 

1575. )52) 

-0.011 

1551.422b 

1551.4445 

0.025 

•1557. 5)2b 

1557.454) 

-0.0)5 

1540. M) 

1540.4554 

0.00) 

1541.125 

1541.1054 

-0.020 

15)4.207 

15)4.2)14 

0.025 

1515.754 

15)5.7715 

0.014 

1542.57) 

1541.0124 

0.040 

1545.754 

1545.4145 

0.020 

1544.11) 

1544.1444 

-0.024 

1515.455b 

1515.45)1 

0.0)5 

•1522.712b 

1522.775) 

0.044 

1525.741 

1525.7470 

0.004 

1524.175 

1524.4040 

0.025 

15)0.41) 

1510.4104 

0.017 

1512.445 

15)2.4245 

-0.014 

1504.025 

1504.0717 

0.045 

•1504.404b 

1504.55)5 

-0.010 

•1505. ll)b 

1505.2)14 

0.054 

1511.555 

1511.6277 

0.02) 

1511.454 

1511.47)4 

0.025 

1515.1)7 

1515.1444 

0.010 

•1514. 44)b 

1514.4045 

-0.05) 

•14)5. )04b 

1415.14)5 

0.055 

1451.120 

1451.2520 

-0.021 

1451.511 

1451.4125 

-0.04) 

1455.527 

1455.5517 

0.027 

1497.112 

1457.1407 

0.025 

•1454.122b 

1454.1457 

0.024 

1455.540 

1455.57)4 

0.01) 

1500.744 

1500.704) 

1475.5)54 

-0.0)5 

1474.475 

1474.5114 

1474.5527 

0.0)2 

14)0.151 

14)0.2554 

-0.044 

1411.71) 

1411.740) 

U.02) 

1442.555 

14)2.574) 

0.015 

1441.511 

1441.51)1 

0.002 

1414.454 

1414.5117 

0.021 

14)4.779 

1414.7417 

1442.5)54 

1441.445) 

-0.0)7 

1444.44) 

1444.4205 

1445.109] 

-0.022 

1444.515b 

1444.4940 

-0.045 



ORtOfNAL PAQC IS 
OF POOR QUALITY 


TABLt lll—CimlinurJ 


>T.T«tl 

>1.117] 

il.MfO 

ii.7170 

I0.704) 

i0.«7»7 

tl.tl4l 

)2.2t«0 

>2.4040 

>).I47( 

11.7101 

>1.1412 

>1.7724 

>1.1(44 

>2.4404 

14.1171 

14.4441 

>4.4111 

>4.7421 

>4.(412 

>4.(471 

14.74(1 

>4.4144 

>4.1444 

K.4724 

>7.72(0 

>4.4144 


1410. 444( 

1(11.4400 

1414.4(42 

1411.0170 

1414.4020 

1440.1(41 

1414.2442 

141(.((01 

1(42.14(2 

1444.1104 

14K.1404 

1441.4(70 

1444.4444 

1447.1144 

1444.7244 

1442.20(4 

1444.7410 

1447.4141 

1440.07(4 


1(10. ((7( 0.010 

1412. 074( 0.04( 

1414.4174 0.042 

1414.0721 0.004 

1417. 4124 0.044 

1440.(141 >0.004 

1417.0411 0.02( 

1440.0422 >0.011 

1442.4447 >0.04( 

1C44.4414 >0.014 

1441.0441 
1441.14(1 >0.014 

1444.(024 
1444.0474 >0.0(4 

1440.1414 >0.044 

1444.2071 
1447.7121 
'444. 42K >0.04( 

1'41.141( >0.041 





n. 2n. AND », STATES OF ><NH, 


TABLE III — CoMimmtd 


U»I.1170 

U14.(ttS 

U}2.)40} 

I4S1.1441 

US4.21** 

14SS.4T1T 

1444.771} 

U4I.0474 

m *.2021 

144«.4*10 

1444.7044 

1440.0440 

1440.4701 

1441.2440 
1442.1212 
1441.0174 
1441.7441 

1447.4444 

1447.4241 

1447.0144 

1444.1207 

1444.7444 

1447.0040 

1447.4114 

1440.1421 
1444.4014 

1477.0117 

1474.1414 

1474.1411 

1474.1144 

1471.4402 

1472.4074 

1472.4407 

1471.1474 

1471.4212 

1471.2440 

1441.2047 
1444 4227 
1444.0470 

1441.2441 
1441.4744 
1440. 0J04 
1474.1714 
1474. 4427 
1474.2014 
1474.1414 

1474.1422 


•1442.414*’ 

1442.1224 

•0.014 

1444.217b 

1444.2101 

1444.4417 

C."ll 

1444.447 

1440.0424 

•0.019 

1441.201 

1441.1411 

•O.OIC 

•1441.111b 

1441,1011 

0.071 

•1444.411b 

1444.4121 

•0*011 

1447,124b 

1447.1470 

0.011 

1444.401 

1441.4117 

1442.2141 

1441.4441 

0.011 

•1444.411b 

1444.4772 

1447.1217 

0.044 

1444.044b 

1441.0414 

-0.007 

1440,440 

1440.4711 

0.011 

1441.411 

1441.1744 

0.041 

•1442.411b 

1442.1024 

1441.214: 

1441.2441 

0,011 

144'i.440 

1440.4441 

-0.003 

14*2.014 

1441.1441 

-0.014 

l<i41.270 

1441.2111 

0.02C 

1444.410 

1444.4170 

0.007 

1444.444b 

1444.4110 

0.011 

1444. 17fb 

1444.4414 

0.07} 

1447.044 

1447.0171 

1444.0721 

0.021 

•1444.444b 

1444.4144 

0.07C 

•1444. 17*b 

1444.4244 

0.04! 

•1447. 14fb 

1447.1114 

1441.2074 

-0.014 

1441.474b 

1441.0471 

1441.717* 

0.074 

1470.421 

1470.4210 

0.00! 

1470.071 

1470.1044 

0.011 

•1471.147b 

1471.1777 

1472,4472 

1472.7114 

1471.1041 

1471.4144 

1471.1747 

1474.2414 

1474.4174 

1474.1121 

1474.1141 

1474.2104 

1471.1714 

-0.011 






ORtQINAL PAGE IS 
OP POOR QUAUTY 


U4T.224 

171*. »7 
1714.4)0 
1722.424 

•17)4.4I2*> 
1742.411 
1744 47t 
1747.41* 

17*4.I04>> 
*17**.24lt> 
17**. 244 
•1770. 140‘> 
•1772.217»> 


1*41. *414 
1*47.2044 

171*. Il4t 
1714.4114 
1722.1744 

1740.111* 

1742.4124 

1744.441* 

1747.1410 

17*4.(144 
176*. 171* 
17*«.2744 
1770.21(2 
1772.14** 

1740.4211 
1741.2404 
1742.4(6* 
1741.(642 
1744.1412 
174*. ((01 

1816.4171 
1(17.201* 
1(17.674* 
1(1(. 141( 
1(14.2441 
1(20.1704 

1(21. too* 

1844.1174 
1(44.121* 
1(41.4112 
1(41.3270 
1(44. 004( 
1844.4144 
1(44.410* 
1846.411* 

1(72.6412 
1(72.1014 
1(71.2724 
1870.411* 
1(«4.7701 
18*4.4414 
18*4. 86*1 
1(70. *248 
1(71.4110 

1(44.7222 

1401.2241 

1844.(424 

1848.2141 

1(46.7171 

1(44.6104 


til 

] 

§ 

IP 

•3 

i 


11 


1*42.614 

1642.6141 

0.000 

1*46.41* 

1646.42(2 

0 . 0:2 

1714.614 

1714.6*4) 

0.024 

171(.2(1 

171(.2(71 

0.00* 

•1721. 72(b 

1721. **7( 

-0.060 

1717. ](( 

17)7.4112 

0.024 

1740. *01 

1740.4446 

-0.006 

1741. -27 

1741.7442 

0.028 

1746.604b 

1746.6)01 

0.024 

•17*0. (02b 

17*0. (*44 

0.0*1 

17*1.427 

17*1.4022 

-0.024 

•1766.242b 

1766. 11*7 

0.0(4 

176(.4(0 

1764.0101 

0.010 

•1771. 2(7b 

l'»71.422I 

.4.114 

•17(4 . 44 )b 

1784.47(6 

0.016 

1787.041b 

17(7.0400 

-0.011 

1784.412b 

17(4.4414 

-0.04( 

1741.(41 

1741.(147 

-0.001 

17« 1.010 

1744.0468 

0.027 

•I7»*,04lb 

1746.0404 

1(04.6464 

-0.042 

1811.141b 

1(11.21*2 

0.024 

1(11.121 

1811.144* 

0.024 

1(14. 0(0b 

1814.14(4 

1(17.100* 

0.074 

l(l(.414b 

KK.4004 

1(20.4207 

1(14.47)0 

l'lt.01(4 

-0.014 

107.447 

107.4414 

104.0114 

-0.014 

1(40.(01 

1(40.447* 

-0.001 

•1(42. 147 b 

1842 1217 
’(4- .4444 
1(!4.071 

1(60.701 
1(61.4241 
1862. 1604 
1861.4442 
1(64.6014 
1864.7667 
1866.4044 
1867.4441 
1864.0027 

1887.1247 

1887.4401 

1887.4171 

18(8.4048 

1884.1802 

1884.4014 

-0.024 
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STATES OF “NH; 


TABLE lll—ConHntifd 


15«2.169 

1SS2.147 

•lS4J.»7tb 

•1531. 2l«b 


1S<2.37I] 0.009 

1SS2.09I3 -0.049 
1S44.0147 0.039 
1S3I.310I 0.023 


1S2S.020I 

1S20.7207 

1914.2343 

1921.2243 

1907.7194 

1903.3169 

1497.4129 

1490.1189 


1419.7439 

1416.2209 

1411.0309 

1474.3912 

1466.2199 

1494.3012 

1472.0249 

1469.2347 

1464.8287 

1498.9233 

1491.4997 

1442.3400 


1494.7163 

1492.9923 

1448.9270 

1443.8018 

1437.1169 

1428.7799 

1418.9397 

1471.6729 

1438.0228 

1436.4106 

1433.9140 

1429.1907 

1423.1891 

1419.9329 





1967.990 

1967.9820 

•0.008 

1961.796 

1961.7647 

0.009 

1943.213 

1943.2388 

0.026 

1937.464 

1937.4717 

0.008 

•1933. 16lb 

1933.7662 

-0.099 

1924.948 

1924.9773 

0.029 

1919.927 

1919.9267 

0.000 

•1913.094b 

1913.0786 

0.029 

• • • 

1906.8824 

... 

•1901.899b 

1901.9012 

0.042 

1499.726 

1499.7247 

•0.001 

1488.996b 

1488.9890 

-0.011 

1902.794 

1902.7137 

-0.040 

1488.962b 

1488.9194 

-0.047 

1484.496 

1484.9084 

0.012 

1478.719 

1478.7080 

-0.007 

•1471.889‘> 

1471.8479 

-0.041 

1463.997 

1463.9890 

-0.008 

1471.147 

1471.0992 

•0.092 

1467.344 

1467.2891 

•0.094 

1461.969 

1461.9993 

•0.013 

1499.499b 

1499.4943 

1447.8998 

-0.041 

1439.310b 

1439.2899 

-0.020 

1474.737 

1474.7816 

1493.4791 

0.049 

1490.180 

1490.2299 

0.049 

1449.414 

1449.4194 

0.001 

•1439.310b 

1439.3449 

-0.039 

1432.170 

1432.1498 

-0.020 

1423.901 

1423.8678 

1414.4866 

-0.032 


1436.1282 

1433.3699 

1429.0762 

1423.4811 

1416.7038 

1408.7949 
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URBAN t-T AL. 


TABLE III — CiiiumueJ 


I 



J 

K 


'*calc 

'' = 4l*''ob 

^°b» ■ 



10 

7 


1199.7610 



10 

a 


1389.9811 



11 

0 


1420.2797 


444 

11 

1 


1419.1469 



11 

2 


1416.7782 



11 

3 


1412.9797 



11 

4 


1407.8661 



11 

9 


1401.9182 



11 

6 


1194.0199 



11 

7 


1189.1862 



11 

0 


1379.9727 



11 

9 


1364.9766 



12 

0 

. . . 

. . . 

4 4 4 


12 

1 


1402.6499 



12 

2 


1400.9891 



12 

1 


1397.2061 



12 

4 


1192.9916 



12 

9 


1186.6760 



12 

6 


1179.6030 



12 

7 


1171.1499 



12 

8 


1161.9180 



12 

9 


1391.1002 



12 

10 


1119.4772 




."o 

1 

0 

1629.487b 

1629.4747 

-O.Oll 

4 4 4 

2 

0 

4 . . 

• 4 4 

4 4 

1626.113b 

2 

1 

1621.191 

1621.1628 

0.012 

1621.914 

3 

0 

1626.140b 

1626.4099 

0.066 

4 4 4 

1 

1 

•1622. 62lb 

1622.6089 

-0.014 

1621.390 

3 

2 

•1616.913b 

1616.8789 

0.046 

1617.668 

4 

0 

. . 

4 4 4 

* 4 

1627.114 

4 

1 

1624.009 

1624.0399 

0.019 

1624.879b 

4 

2 

1618.611 

1618.6392 

0.022 

1619.790 

4 

3 

1612.290 

1612.2642 

0.014 

1613.116b 

9 

0 


1627.9994 


4 4 4 

9 

1 

1629.999b 

1629.9192 

-0.099 

1626. 341b 

9 

2 

1620.601 

1620.6129 

0.011 

1622.062 

9 

1 

1614.911 

1614.9273 

0.''16 

1616.271b 

5 

4 

1607.902 

3607.9166 

0.019 

1609.049 

6 

0 

. . 

4 4 4 

4 4 

1629.279b 

6 

1 

1627.009b 

1627.0901 

0.041 

•1627.879b 

6 

2 

•1622.623b 

1622.7060 

0.082 

1624.387 

6 

1 

1616.980b 

1617.0106 

0.011 

1619.320 

6 

4 

•16'0.326b 

1610.2984 

-0.028 

1612.801 

6 

9 

1602.627 

1602.6130 

0.006 

1604.763 

7 

0 

•1630.288b 

1610.1886 

-0.099 

4 4 4 

7 

1 

1628.608 

1628. f793 

-0.032 


7 

2 

•1624.879b 

1624.8396 

-0.039 

1626.664 

7 

1 

•1619.603b 

1619.6218 

O4O2I 

•1622.183b 



PAOt IS 
r POOR QUALITY 


T 




1406. U*t 
1194.7163 


1422.3491° 
1421.1994° 
1418.9497 
1402.0092 
1199.1671 
1317.4224 
1178. 8971 
1 3b9.7329 
1160.2282 

1494.1911 

1494.4490° 

1400.9114 

1199.9822 

1189.4992 

1182.3974 

1374.3996 

1169.9969 

1196.0918 

1149.8986 

1319.2400 


1626.1827 0.090 

1621.9477 0.014 


1621.1482 -0.002 
1617.6804 0.012 

1627.4063 0.092 
1624.8401 -0.019 
1619.7848 -0.009 
1611.1719 0.018 


1626.1237 -0.017 

1622.0484 -0.013 

1616.2139 -0.039 

1609.0691 0.021 

1629.4099 0.127 

1627.8269 -0.046 

1624.1691 -0.022 

1619.2776 -0.041 

1612.7827 -0.019 

1604.7996 0.033 

1629.4911 
1626.7399 0.066 

1622.4191 0.096 
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OF POOR QUALITY 
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TABLE lll—CominueJ 


163S.I0SIC 

iei3.70S3 



pppi 





10 

4 

*1616. mb 

1622.8905 


*1616. 980b 

1616.9754 

-0.005 

10 

s 

1616.8416 

0.008 

*1610. 326b 

1610.4074 

0.081 

10 

6 

1601.469b 

1609.6895 


*1602. 926b 

1603.0025 

0.078 

10 

7 

1601.4537 

-0.015 

*1594. 810b 

1594.8858 

0.076 

10 

1 

1S92.178 

1592.1325 

-0.046 

*1577. 276b 

1586.2020 


10 

9 

*1611. 61Sb 

1581.7082 

0.093 

1577.2549 

-0.021 

11 

0 


1636.9352 


• • • 

. • . 

. . . 

11 

1 


1635.8893 



1687. 6396^ 


11 

2 


1633.9242 



1633.7968 


11 

3 


1630.7017 



1629.0261 


11 

4 


1626.2762 



1623.1670 


11 

s 


1620.6945 



1616.3566 


11 

6 


1613.9892 



1608.7203 


11 

7 


1606.1789 



1600.3525 


11 

B 


1597.2703 



1591.3194 


11 

9 

1SB7.269 

1587.2601 

-0.009 


1581.7197 


11 

10 

*1576. 19|b 

1576.1351 

-0.063 


1571.7810 



.«R 

.s 

1 

0 

1667.349 

1667.3303 

-0.019 

. . . 

• • • 

• • * 

1 

1 

1661.140 

1661.1286 

-0.012 

1661.685 

1661.6937 

0.009 

2 

0 

. . . 

. • • 

• • • 

1691.037 

1690.9800 

-0.057 

2 

1 

1682.167 

1682.2070 

0.020 

1682.925 

1682.9176 

-0.007 

2 

2 

1676.509 

1676.5051 

-0.004 

1677.263 

1677.2771 

0.014 

3 

0 

1712.196b 

1712.1712 

-0.025 

• • • 

. . • 

. • . 

3 

1 

1703.382 

1703.4100 

0.028 

1704.202 

1704.1735 

-0.028 


J 

K 

''oh- 

''c«lc 



^C8lC 



^*0 

."o 

7 

4 

1613.336b 

1613.2894 

-0.047 

*1616. 716b 

1616.6968 

-0.019 

7 

5 

1605.950 

1605.9479 

-0.002 

*1609. 458b 

1609.4810 

0.021 

7 

6 

*1597. 594b 

1597.6108 

0.017 

1600.567 

1600.5877 

0.021 

8 

0 

. . . 

• • • 

• • • 


1612.5181 


8 

1 


1630.1519 


*1611. 784b 

1631.1191 

0.055 

8 

2 

lC27.009b 

1626.9839 

-0.025 

1629.279 

1629.2511 

-0.028 

8 

3 

*1622. 383b 

1622.2999 

-0.081 

*1625. 599 b 

1625.7513 

0.154 

8 

4 

*1616. 378b 

1616.4128 

-0.015 

*1620. 709b 

1620.8081 

0.099 

8 

5 

*1609. 458b 

1609.4575 

0.000 

1614.367 

1614.1572 

-0.010 

8 

6 

1601.469b 

1601.4726 

0.004 

1606.297 

1606.1064 

0.010 

8 

7 

1592.432 

1592.4490 

0.017 

1596.371b 

1596.4147 

0.042 

9 

0 

1632.998b 

1631.0390 

0.040 

• • 

• • • 

• . . 

9 

1 

*1631. 936b 

1611.8388 

-0.097 


1611.6804 


9 

2 

1629.171b 

1629.1601 

-0.011 


1612.1509 


9 

3 


1625.0123 



1629.3931 


9 

4 

1619.603b 

1619.6169 

0.011 


1625.2257 


9 

5 

1613.059 

1611.0997 

0.041 


1619.5150 


9 

6 

1605.527b 

1605.5118 

-0.013 

*1612. 116b 

1612.1788 

0.043 

9 

7 

1596.840 

1596.8688 

0.029 

1601.110 

1601.1441 

0.014 

9 

8 

1587.115b 

1587.1474 

0.012 

1592.178b 

1592.1907 

0.012 

10 

0 

• • • 

• • • 

. • • 


1617.7580 


10 

1 


1633.7154 



1636.7632C 
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TABLE III — Continued 


J 


'*ob« 

'*c«lc 

''c.r''ob 

'*ob» 








3 

2 

U7l.02t 

1691.0426 

0.016 

1699.111 

1699.1644 

-0.026 

3 

3 

1691.746 

1691.7331 

-0.012 

1692.792 

1692.1017 

0.012 

4 

0 

• • 

• • • 

4 • • 

1731.143 

1718.8191 

-0.024 

4 

1 

1724. Stl 

1724.6017 

-0.021 

1726.378 

1726.1410 

-0.016 

4 

2 

1719.704 

1719.7210 

0.017 

1721.151b 

1721.1126 

-0.011 

4 

3 

17) 3.711 

1713.7129 

0.002 

1716.406 

1715.1727 

-0.012 

4 

4 

1706.111 

1706.8110 

-0.007 

1701.306 

1708.1104 

0.004 

5 

0 

1769.603 

1769.4664 

-0.037 

. • . 

• • 9 

. . . 

5 

1 

•1746.743b 

1746.7070 

-0.036 

1746.427 

1746.4162 

0.008 

» 

2 

1741.417 

1741.4172 

0.000 

1743.050b 

1741.0266 

-0.021 

i 

3 

1736.117 

1736.1132 

-0.004 

1738.076b 

1711.0212 

-0.046 

i 

4 

1729.226 

1723.2300 

0.004 

1731.694 

1731.6691 

-0.016 

5 

5 

1721.728“ 

1721.7326 

0.006 

1723.121 

1721.8164 

0.014 

6 

0 

• • 

• . • 

, • • 

1789.614 

1719.7671 

0.081 

6 

1 

1766.761 

1766.7102 

-0.041 

1767.604 

1767.6141 

0.010 

6 

2 

1763.106 

1763.0371 

-0.068 

1764.804 

1764.1741 

0.070 

6 

3 

1767.932 

1757.9283 

-0.006 

1760.693 

1760.6861 

-0.007 

6 

4 

1761.749 

1761.7403 

-0.009 

1766.100 

1766.0881 

-0.011 

6 

5 

1744.604 

1744.5919 

-0.012 

1748.088 

1748.0607 

-0.027 

h 

€ 

1736.604 

1736.4944 

-0.010 

1739.386 

1739.4010 

0.016 

7 

0 

HOB. 148 

1808.8894 

0.042 

. . • 

. . . 

• • • 

7 

1 


1787.6321 



1788.7664 


7 

2 

1784.607 

1784.6343 

0.027 


1786.7464 


7 

3 

1779.960 

1779.9683 

0.008 

1778.512b 

1781.3619 


7 

4 

1774.245 

1774,2479 

0.003 

1778.5816 

0.070 

7 

s 

1767.604 

1767.5096 

0.006 

1772.314b 

1772.1426 

0.009 

7 

6 

1769.812 

1759.7939 

-0.018 

1764.538 

1764.6641 

0.016 

7 

7 

•1751.027b 

1761.0942 

0.067 

1764.986 

1754.9777 

-0.009 

8 

0 

• . 

. . . 

. . . 


1843.9000 


8 

1 


1801.6166 



1810.1031 


8 

2 


1805.9146 



1808.8497 


8 

3 

1801.872 

1801.8967 

0.026 


1806.2194 


8 

4 

•1796.635b 

1796.6862 

-0.050 


1802.2320 


8 

5 

1790.398 

1790.4074 

0.009 

1789.684b 

1796.7554 


8 

6 

1783.150b 

1783.1186 

-0.031 

1789.7091 

0.026 

8 

7 

1774.848 

1774.8316 

-0.017 

1711.028 

1781.0211 

-0.004 

8 

8 

1765.504 

1766.6311 

0.027 

1770.498 

1770.4796 

-0.018 

9 

0 


1860.2487 


. . . 

. . • 

. . . 

9 

1 

•1829.411b 

1829.4260 

0.016 


1832.4208C 


9 

2 


1827.2317 



1811.6461C 


9 

3 


1823.7219 



1829.6844 


9 

4 


1819.0263 



1811.0604 


9 

S 


1813.2376 


•1799.626b 

1806.7371 


9 

6 

•1806.393b 

1806.4084 

0.016 

1799.6484 

0.023 

9 

7 

1798.585 

1798.6616 

-0.024 


1791.9115 


9 

8 

•1789.684b 

1789.6986 

0.014 


1783.6744 


9 

9 

•1779.727b 

1779.8062 

0.079 

1775.270 

1775.2446 

-0.026 

10 

0 

. . 

• • . 

• . . 


X901.7987 


10 

1 


1850.4577 



1902.1671“ 


10 

2 


1848.6829 



1848.4013 


10 

3 


1846.6119 



1841.7816 


10 

4 


1841.3006 



1838.1312 


10 

5 


1835.9979 



1831.6969 


10 

6 


1829.6392 



1824.3004 


10 

7 

*1822.154 

1822.2464 

0.092 


1816.3412 


10 

8 

1813.862 

1813.8301 

-0.022 


1807.7890 


10 

9 

1804.413 

1804. j9l7 

-0.022 

•1789.612b 

1798.7464 


10 

10 

1793.776 

1793.9) 20 

0.137 

1789.4466 

-0.066 
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numerically manageable dimension, we have considered the interaction between 
the Vf, 2 vt, ivt, Vi, and Pt + ^4 energy levels separately from the interaction 
between the v,. vj, and 2 p 4 levels. The Coriolis ( coefficients for the interaction 
between the p,{A) and p,(E) as well as between the Pt(A) and p^iE) states 
are very small and furthermore there is a large difference in energies between 
these states. This separation of the problem is therefore a very good approxima- 
tion for the lowest-lying states p^, 2v,, and parameters obtained for these 
states should be considered as the main result of our work. 

In our scheme, Coriolis interactions between the t'l, 2pt, ipt, and Pt + P 4 
energy levels are described by the operator (4, 5 ) 

Ht.4 “ (-H2)\X<(SJ ^ + (M2\{J^XiS)](QiJ4 - QiJ.), (18) 

where Ql « Q^a ± J± ^ J, ± t/„. Besides this, there is a centrifugal dis- 
tortion operator 

- ( I/ 8 M Y{i 4 a - a\ji( m + ( Q4 m 1 ( 1 

which connects the ±1 levels in the p^ and vj p, states. The energy matrix of 
these interactions is thus the 7 x 7 matrix given in Table VI. For the nonde- 
generate vibrational states, the diagonal matrix elements of this matrix are given 
by Eq. (15). For the inversion-rotational energy levels in the degenerate vibra- 
tional states the following expression has been used: 


+ B,J{J I) + (G - BM* - 2Cti:nU - D'J'JHJ + D’ 

hv ' \ he ' 


- irjiJiJ + l)A* - + l)*/4 + -nAkk^U 

-t- trrjjJ\J + D’ + H'J'jJHJ + m* + H'iki.JU + l)A^ + tfik^k* 

+ + mi4 + + l)i’/4 + 7'4'i**AV, + rV,!kkn\. ( 20 ) 



Fiu. 3. Energy-level diagrain illusirating the calculation of the v, transition frequency (dashed 
line) from the known vt frequency for a transition starting from a level with opposite parity and 
from the known pure inversion transitions in the ground and excited v, states (see Table I). 

1 


u 


I 



RoCAiloa-Invtrtlan Transition fra^uanclos 
(J'.K't - (J.K) V. 
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790 818.2 
887 Ml. 5 
984 080.) 


708 899.0 

775 717.8 
882 810.7 
972 )01.8 


78 ) 998.2 
881 872.9 


755 447.8 
1000 L51.8 


TABLE IV 

Subifullimeicr Wave Inversion and Rotation-Inversion Transitions of '*NH, in the State (MHz) 


.( 0 , 0 ) 

• •(!. 

, 0 ) 

•( 2 , 1 ) 

- •(!. 

, 1 ) 

•( 1 . 2 ) 

- .( 2 , 

2 ) 

•( 1 . 1 ) 

- .( 2 , 

, 1 ) 

•( 1 , 0 ) 

• .( 2 , 

0 )' 

•( 1 . 1 ) 

- .( 2 , 

0 )' 

•( 1 . 0 ) 

- •(!. 

1 )' 


488 245.1 
140 U3.5 
741 788.1 
762 852.) 
7o9 710.2 
772 594.9 
1070 166.6 


* Value obtained by extrapolating to zero pressure. 
^ Ref. (2V). 

' Ref. (JO). 

** Forbidden (or perturbation-allowed) transition. 


The precision of our P] data would require the additional introduction of 
operators that connect levels with Ak » ±3 in the ground and Pt excited state. 
A detailed study of this interaction using submillimeter wave data on the inversion 
and inversion-rotation transitions in the Pt excited state will be published in a 
separate paper. Therefore in the present paper we have not included in our fit transi- 
tions from the ground-state levels with il:'' 3 or 0 to those P| excited states that 

are perturbed by this interaction (vf. fable I). 


VI. SPECTROSCOPIC PARAMETERS OF '*NH, 

In Tables VII to XII, spectroscopic parameters of are presented that 

have been obtained by a damped least-squares fit (JJ) to the experimental data 


1088 650.8 


1045 )18.7 
1087 878.8* 


1014 084.0 
10)5 818.2 
107) 050.7 


925 6 5 7.4 
945 604.8 
979 850.0 
1029 )74.5 


1019 895.5 


810 918.7 
828 521.9 
858 194.2 
902 459.2 
961 885.4 
10)9 MO. 8 


747 288.8 
78) 58).) 
791 5)1.4 
8U 989.) 
887 018.8 
958 827.9 
1050 521.5 


973 828.5 
994 747.8 
10» 5)1.2 


889 710.9 
921 940.) 
968 810.0 
10)2 323.0 


721 28). 7 
759 001.2 
809 481.9 
875 M8.8 
959 569.0 
1085 868.2 


1 ) 11 
14 12 
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TABLE V 


Ground-Suie Molecular Paramclen of "NH| (in cm'*) 


t 0.0000004 


(S.4721 1 0.0002) 


(l.]l(4 ( 0.0002) « 1 


(-15.4907 t 0.0007) > 10 


(-15.2647 t 0.0007) 


(2.9512 i 0.0002) « 10 


Fig. 4. The lowest vibration and inversion energy levels in NH; 
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TABLE VI 

Energy Matrix of the CuriolU and /-Type Interaction Between the 
>>i. 2i>|. >> 4 . * v„ and 3t>i States of NH|* 


|v*,vJ‘iJ,k> 

♦1 -1 

IvJ <Vj ♦ (V, ♦ v^l* 

|l*,0°iJ,k> 

Ej^^)J,k,t^-0)* <3*|«ll*>f(j,k*l) -0*|a|l*>f<J.k-l) 

ii*,r^j,k+i> 

<l‘|BU*>n(J,k) 

ii',r‘ij,k-i> 


|2*,0°iJ,k> 


10‘, l*^lJ,k«l> 

Harmltlan 

|0*,l"‘iJ,k-l> 


|l‘,0°iJ,k) 



^"2 


♦ 1 -1 

v‘ V* 

''4 ''4 


0 

0 * 

|a|0‘>f (J,k*l) -<1* |a|0’)f (J,k-1) 

0 

<l*|a|2*>f(J,k*l) 


0 0 

0 



0 0 

0 

E2v,(J.k,t4-0)‘ 

«* 

|o|0*>f (J,k*l) -<2* |a|0*>f (J,k-l) 

0 


"V4 

(J,k+l,t^»+l) ’ <0*|B|0*>q(J,k) 

A0» |a|l‘>f (J,k*l) 



E^JJ,k-l,t^.-n* 

-AO* |o|l*>f(J,k-l) 




(J,k,t.-0)* 

Vf 4 


• otcm"') “ A**(2(2»r)* V|‘'(TX;d/(Jp + VS(d.VU/dp)lX 4 ( p)'"*, where the first operator d/dp operates 
outside the square brackets while the second one operates only within the brackets: /)(cm*') 
- d‘|«<2»r»V|-'(K{/4. - Ail)- +[MJ -i- I) - *(* ± l)|‘'*;*(y.A) ~fU.k I) 

*/tJ, A — I); <3'|a|l*> means (ct • 3*|a|t’i - I*), etc.; and E,U,k.l,y • E,!hc, where E, 
is defined in Eq. (20). 


on the Pj, 2^2, ^nd P4 bands given in Tables I to III and on the data on the t>2 -*■ t'4 
and 3 p] bands (//). Because the fitted patameters are in general correlated, con- 
siderable care had to be taken to use suitable damping factors during the first 
cycles of iteration in order to reach the convergence region where the damping 
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TABLE VII 


Indcpcndeni Lincw Combmmiiont of the Parameten of the k, Band of '*NH, lin cm ') 


Inversion opUttine in the J • h • 0 


The bund origin it dchned at ■ (£f - E%)/hc (Eq (I6)| 


factor could be put equal to zero. Calculations have beer, done with the CDC 
Cyber 172 computer using double-precision arithmetic (220 bits). 

Because in the investigated system of interacting levels not k but 1 - /, is a 
good quantum number, the standard assignment of the transition frequencies 
to the t',, 2i’]. Pi, etc., bands is only approximate. This is especially true for the 
s2p„ avi levels because of the level crossing in this system. The only objective 
criterion on which such assignments can be based is to consider the coefficients of 
mixing of the wavefunctions in the system of interacting levels, 

1 CtM, ( 21 ) 


TABLE VIII 


Independent Linear Combinations of the Parameters of the 2t>, Band of '*NH, (in cm ') 


Invariion •plitting in the J • k • 0 2v, 2M.70i4 t 0.00)0 
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TABLE IX 


IntlcpciKlcni Linear C'onibinaUon» ot the Parameten uf the f, Band of '*NH| (in cm'*)* 


n ,(vi*v.l 


The band ungin y, » defined a* i>, • (£f. - E%Vfic |Eq. (20)|, 
Constrained value. 


where liri’a are the unperturbed wavefunctions. Our assignments in Tables I to III 
are essentially based on the principle of the maximum contribution of the un- 
perturbed wavefunction diJV to the perturbed state. This is illustrated by Table 
XIII which, however, also shows that in some cases this principle may not work. 


TABLE X 


Off-Diagonal Mainx Elements of the Coriolis and /-Type Interaction' 


S.2619 t 0.0012 


1.2827 t 0.002S 


0.00466 t 0.00041 


00011 


0.00701 t 0.00021 


* Matrix elements are defined in Table VI 






Invariion ■putting In J 


0 v,*v. statei 4S.4993 t 0.0030 


* The band ontin it defined ■» « 


Etyhc |Eq. (20)1; lextic parameteri hove been neglected 


* The band origin •>, it defined ai p, > (tf - EHihi |Eq (I6)|. 


For example, the I8SS.468 cm*' and 1901.229 cm*' transitions should both be 
assigned as (i'A?(IO,2), M-/). To avoid this, we assign the 1901.229 cm*' transi- 
tion as a'’/7(IO,2), •'■(-Z) because it has a larger contribution from the 
|0 ,1*'; 11,1) state than the 1853.468 cm*' transition. The latter is then assigned 
as <i/?(IO,2), 2>', because its second-largest contribution is from the |2*,0"; 11,2) 
state. The few such cases that occurred in our data are indicated in Tables II 
and III by special labels. 


2<'t. AND ■« STATES OE >*NH. 

TABLE XI 

Independent Linear C'ombinniioni of the Parameters of the Band of **NH» tin cm*') 


in.4m t •.0041 


1. 


tM3.}«64 


•.••34 

•i 


•.4tl|T 


•.•••II 

c*c - 

•i. . (V . S"! 

•.4T6I6 


•.•••to 

‘-S* 


16. Ml 


•.OIOIIO 





• .041)10 

X* 

•h 

11.441 


•.OlOII* 

®n 

■ *"jjj 



0.034)10 

"jjf 

- N® 

"jjp 

O.J44 


•. 041)14 


. *8® 
"j»i 

l-l.ttt 


•.010)1» 

•Sw 

• s® 

"kup 

(0.71*1 


0.013)10 
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t.n’n* t • 

I • 

U.lTt 1 • 

I f 

U.M4 t • 
» C 

I4.4I* t t 
1-4. 0*4 I 0 
U.OH t • 


••It 

•••J4 

•••!• 

•42»U' 


• Hite 

044) le' 
•••)I0' 

oMiie' 

• tf»IO' 


TABl E Xll 

Independent Linear Combination!^ of the Parameters of the P| ^ Band of "NHg (in em'V 


3544.2517 i 0.0013 


35M.9593 t 0.0017 


C - ^*8 . 


3.0035 i 0.0006 


-3.4137 i 0.0001 


"C - - (“tf® - V) 4 


0.6471 t 0.0006 


-0.1117 i 0.0006 


10.31786 t 0.00021 


9.97176 t 0.00046 


(5.303 t 0.011)10 


(-1.759 t 0.009) 10 


(-15.ril t 0.051)10 


(3.369 t 0.005)10 


(-6.503 t 0.009) 10 


Jli * "jJIt 
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It thould be emphasized that auch assignments are only formal if there it strong 
mixing of the upper-state wavefunctions. Strictly speaking, we should give the 
same label to a series of lines originating from the tame ground inversion-rota- 
tiopal level J", k" and terminating on upper-state levels with the same J‘,k' - /« 
quantum numbers. 
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ERRATUM 


Volume 79, No 2. Februiry (1980), in the article "Coriolu and /-Type Interactiont in me r,, 2v], 
and r, Slates of by Urban *i al , pp 4SS-49S: 

The value of ['"'Di ~ in Table V should be considered with the negative sign. Tne value of ‘B 
in Table VII should be 10 44847 x 0 0000) 
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The Diode Laser Spectrum of the vt Band of '^NDs and '’^NDa 


V. Malathy Devi,* P. P, Das,* and K. Narahari Rao 

Drpanmtni c/ fhyMici, Thr Ohio Stale Vmvertity, Columhut, Ohio 43210 


AND 


S. Urban, D. PapouSek, and V. Spirko 

The J. Heyrovtky liuUlule of Physical Chemistry and EleciriKhemisiry Czechoslovak 
Academy of Sciences, 160 00 Prague 6, Czechoslovakia 


The ipectn of the u, bandk of '*ND, and "NDj were mcatured under Doppler-limited 
resolution with a diode laser spectrometer in order to resolve the A structure of the sR{J, k | 
and afft 7, A') multiplets By a simultaneous least-squares analysis of these data, the Fourier 
spectra of the r, band measured by Jones 1 7. Mol. Specirosc 74, 409( 1979)), and the (round- 
state microwave transitions, sets of improved vi-band parameters were obtained, including 
the sextic centnfufal distortion coefficients. 


INTRODUCTION 

In our previous papers! / -i ) we have measured and analyzed the high-resolution 
spectra of '^NHj in the submillimeter wave, far-infrared, and medium-infrared 
spectral regions. The ultimate goal of these studies is the determination of a 
complete anharmonic potential function of ammonia by a least-squares fit to the 
experimental data of various isotopically substituted ammonia molecules |cf. 
Ref. (d)l. 

There are, however, very few high-resolution infrared data on the deuterated 
ammonia. We have therefore undertaken a study of the spectra of the Vt bands of 
'^NDs and **ND] (cf. Fig. I) under Doppler-limited resolution with a diode laser 
spectrometer. 

The Fourier spectra of the v, furJamentals of ‘‘NDj and '‘NDa were recently 
measured by Jones (5) with 0.055-cm'* resolution with apodization or slightly 
less than 0.04 cm*' without apodization. This has made it possible to resolve many 
of the P, Q, and R lines a** to determine the p, band parameters including the 
quartic centrifugal distortion coefficients. Among the transitions which remained 
unresolved in the Fourier spectra were especially the sR(J, K) and aR(J, K) 
transitions which appear as multiplets within the 0. 2-0.3 cm*' interval. 

In the present paper, we have resolved the K structure of these multiplets using 
a diode laser spectrometer operating between 818 and 832 cm*'. In a simultaneous 
least-squares fit to the Pi-band transition wavenumbers of Jones (5), the ground- 
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GIWXJNO STATE 


Fig. I . Energy level diagram of the inversion •rotation levels in the ground and v, stale of ND, with 
examples of the sRU, A) and aR\J, K) transitions. The inversion splittings and the A„ At splittings 
are not drawn to scale. Values in parentheses behind the symbol of the symmetry species denote 
the spin statistical weights. The species of the energy levels in the vi state are the same as in the ground 
state. The symmetry species of the A - 4, S, 6 levels are the same as for the A - I, 2, 3 levels, 
respectively, except that ' should be changed to * and vice versa (the rotational quantum number A 
should be considered with modulo 6 for obtaining the species of energy levels with higher A values). 

State microwave frequencies of the inversion -rotation and inversion transi- 
tions (6-^), and our diode laser measurements, we arrived at an improved set of 
spectroscopic parameters for "NDs and ”ND, including the sextic centrifugal 
distortion coefficients. 

EXPERIMENTAL DETAILS 

The diode laser spectrometer has been described earlier (9, 10 ). The band lines 
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TABLE I 

CakuUled and Obacrved Wavenunibei* (cm'') of the i«i Band of ”ND| 
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of CK’S (//) were used for calibration purposes. Both '^NDj and '*ND, were ob- 
tained from Prochem Ltd. and were stated to be 98^^ pure. These gases were 
contained in l-m-long Pyrex cells with KBr windows. The sample pressures ranged 
from 0.3 to 0.5 Torr. The relative uncertainty of the observed wavenumbers 
is about ±0.0005 cm*', while the absolute uncertainty due mainly to OCS calibra- 
tion is about ±0.002 cm*'. 

The observed wavenumbers of the R{J, K) multiplets obtained in this work are 
given in Tables 1 and II for '^NDj and '^NDj, respectively. Figure 2 illustrates 
the resolution of thesf?(6, K) multiplet in the U 2 band of '*ND,. The corresponding 
FTS scan at 0.04-cm*' resolution is also shown in this figure. 

RESULTS 

The experimental data which have been processed in a simultaneous least- 
squares fit for '*ND, were the transition wavenumbers in the vt ^and measured 

TABLE II 

Calculated and Observed Wavenumbers (cm'') of the >>1 Band of "ND, 


BIB.PBM .PBBl 
Blf.PBM .PMP 
BtB.PtBP ,Wf 

1:5;:;;;? 

BlB.BOBl .BOW 
BM.Bll* .MOP 

BIB. MOB .MBP 
BIB. 1409 .1M9 


BOB. WOT 
BBB.BI19 
I BtB.'BBO 
hBBB.«-IOC 


BM.WPI BM. 

BU.9M4 .0MB BtB. 

lS:Saj IK; 

BM.OBBl .eaw BtB. 

BSt.OMl .0040 BIB. 

; BM.UP* .UBC BBB. 

BM.IPOB .IPOB , BBB,< 

BM.1149 .IMP I BIB.' 


’ VBitM •* 4#Pr«4B«MB4 14 tM We* 




I mb:iiw 

.MW ' BM.IBBB 
iBM.UPJ 
I IBM.UM 

.BOM BM.OBM 
.B41B , BM.BBf* 
.BBM I BM.BBm 

.M41 I BM. PP 
«PWP I BM.BIOB 
.Bin , BM.4M1 


• 1*09 B4B.41B4 .aUf 

• tttP I BM.IBIP .MBI 

• MM B4B.11BB ,ltPB 

• MM . B4P.HPB .BIM 


IMtMOT tlAB hn IM 





OWOlNAt PAGE 18 
OF POOR QUALITY 


MALATHY DEVI ET AL. 


by us with the diode laser spectrometer and by Jones with a Fourier spectrometer 
(5), the ground-state inversion frequencies (6), and the ground-state J = 1 •- 0 
and 2 «— I inversion -rotation transition frequencies (7, 8). For ''ND., only the 
inversion -rotation transition frequencies y = 1 *— 0and2«— I are available (7,^) 
and these have been combined with the infrared data. A more detailed discussion 
of the simultaneous analysis of the infrared and microwave data of ammonia is 
given in Ref. {3). 

The statistical weights assigned to the experimental data were where 

6, is the estimated uncertainty of the measurement. We have used S = 2 x 10’’ 
cm*' for our diode laser measurements, S - 5 x 10*" cm*' for the data of Jones 
(5) (except for few blended lines which have not been considered in the fit), and 
S = 0.05 MHz for the microwave inversion frequencies (6). 

We have used a standard polynomial expression for the inversion -rotation 
energy levels in the ground and i >2 excited states including the sextic centrifugal 
distortion constants. The A,, At splitting of the K = 3 levels was described by the 
parameter 1)3 in the matrix element of the corresponding interaction (cf. Ref. (i)). 


Fig. 2. Resolution of the sR|6, K) muitiplet in the v, band of '*ND^ along with the FTS scan by 
Jones (5). 
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where s and a denote the parity of the corresponding inversion wavefunctions. 

The calculated wavenumbers are compared with the measured wavenumbers for 
the R{J, K) multiplets in Tables I and II; in Tables III and IV the values of the 
corresponding molecular parameters obtained for '^NDa and '*NDa by the least- 
squares fit are presented. The microwave data (6 -A) and the Fourier data (5) 
have been described within their experimental accuracy. 

The ground-state parameter tjj (Eq. (I)) was determined for '^ND., from the 
ground-state inversion frequencies (6). This parameter (Table III) was assumed 
to have the same value in the state of '*ND.., and in the upper and lower states 
of "‘NDj. The magnitude of the splitting of the R(J, 3) lines is given by the differ- 
ence between the value of the splitting of the upper and lower state A' = 3 energy 


ORIQIlMAL PAGE 18 
OF POOR QUALITY 


298 


MALATHY DEVI ET AL. 


TABLE IV 

Cround-Siaic and i>|-Statc Molecular Paramctcri of "ND| (cm'*)* 
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levels; due to the spin statistical weights, the ratio of the intensities of the split 
lines should be 1:10 (see also Fig. 1). 

It can be seen from the calculated values of the H(J, 3) transition wavenumbers 
(Tables I and II) that for 7 2 10 the splittings might be observable with the 
0.002-cm"' resolution of the diode laser spectrometer. We have observed shoulders 


TABLE V 


Companion of Ground-Slate Consuuits (in cm~') Obtained from 
Vibration -Rotation Data and Pure Rotation Data 
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in the Ri 10, 3) lines which probably correspond to this effect but this could be 
confirmed only by measuring transitions with J s 10. 

In Table V, the ground-state constants of '*NDj and '^NDj obtained in our work 
are compared with those obtaine.’ previously by Helminger and Gordy (7) and 
Jones (5). Our values are much closer to the values obtained from puie rotation 
data (7) than those of Jones (5). The reason of the inconsistency in Ref. (5) is 
obvious: Jones (5) assumed that "'/f« “ "’Sg in his simultaneous treatment of 
the observed rotational and vibrational- rotational ransition frequencies which is 
not adequate to the accuracy of the experimental dau. 
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ERRATUM 


Volume 88, No. 2 (1981), in the article “The Diode Laser Spectrum of the 
Band of '^NDj and ’’NDj" by V Nfalathy Devi, P. P. Das, K. Narahari Rao, 
Urban, D PapouSek. and V. §pirko, pp. 293-299: 

In Tables III and IV, the grounu stale values of the differences '*’// - •*’// shoaM 
be with the factor 10 * instead of 10“'". 
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In a recvni note (/) \\c rc;>orii'ci the measurement* and analysis of the si band of 
t>C"0| recorded with a high resolu'ion vacuum infrared spectrograph by using an 
enriched sample of this isoto|iic s|tecjes. We now present the interpretation of most of 
the structure observed in the region where this vj band occurs. The data were obtained 
in the sfrectral interval 217J to 2.bf4 cm~' and the ex|K.rimental conditions have already 
been described before (/). In all, 12 bands have l>een observed in the region, 10 belonging 
to “C“Oj and the remaining two are the vj fundamentals of '’C'*0”0 and '*C'*0“0. 
A few specific details are given belovi for some of the data [pertaining to the current 
investigation. 

Ba>tJs 0 / »C“0, 

Three bands belonging to this category were observed and the observational data 
are presented in Table 1. Fur these three 2-2 bands, the lower slates of the transition* 
observed are the levels 100, 02"0, and Ot/’l. Since the rotational constants for these 
lower levels are known with high accuracy from the la.ser studies (J), it was considered 
more appropriate to make use of these values and then determine the upper state 
constants of the three 2-2 band.s studied here. Table V gives the rotational constants 
so obtained along with the band centers (vo ~ B'l'^ + 
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the emiMion data (d). The data for thi» band a>* well a» f<»r the ♦-4* and F-P bands 
identified in this region are included in Table 111 The bramhes belonging to the 
*'1 + 2i»r-2*'i’ and »>. + transition' unild be' distinguished without any 
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u|K>n calculated values for the band centers cm|<loying tl e molecular constants available 
in the literature (4, 5). Thus, the J assignments for these liands should be regarded as 
tentative. 
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Spectrum of Phosphine at 4 to 5 Analysis of v, and t'. Bands 

A. Baldacci', V. Malathy Devi and K. Narahari Rao 

Drparimrni of Phviici, Tht Ohio Stale University, Columhus. Ohm 432 10 


G. Tarraoo 

Lahoralmre d'lnfrarouge, Lahoraloire asuKit au CNHS. Vniversitt de Paris-Sud. 
Bailment 330, 91403 Orsay Cedes, Frame 


The absorption tpectrum of phosphine has been investigated in the region 2087-248^ cm'*. 
About 1200 transitions belonging to the bands t>, and v, were assigned. A strong Coriolis 
interaction between these bands gives rise to many “forbidden" transitions and large A|A| 
spiittings The simultaneous analysis of the two bands enabled us to get a set of vibration • 
rotation constant:, for the vibrational stales r, > I and » I, and to obtain a value for the 
ratio S,IS, between the band strengths of i>, and v,. 


INTRODUCTION 

Studies on the four fundamental bands of phosphine were reported in the past, 
under '.ow resolution, by McConaghie and Nielsen (/), using a vacuum grating 
spectrometer. Subseque.itly, Hoffman eial. (2) and later Yin and Rao (i) measured 
and analyzed the two low-frequency fundamental vibiation-rotation bands 
occurring at K-- 12 with higher resolution. In attempting to obtain some informa- 
tion on the inversion barrier of PH3, Maki el al. (4) studied the 3.4-/xm region, 
where the 3»', and 4 p, - p, bands were resolved. Molecular constants of the 
ground state are now well determined from the analysis of the "forbidden" rota- 
tional transitions (5, 6) as well as from the above-mentioned infrared studies. 

The present high-resolution study has been undertaken with a view to identifying 
the transitions involved m Jupiter's spectrum at 4-5 /im (7). The most prominent 
feature of the absorption by phosphine in this spectral range can be ascribed to the 
two strong overlapping fundamental bands p, and Pj centered at 2321.131 and 
2326.877 cm*', respectively. But weaker bands, 2pt, pj + p«, and 2p« also contribute 
to the absorption on the lower-frequency side. 

This investigation rela'es to the two strongest bands p, and Pj. Their unusual and 
rather complicated rotational structures are well explained up ioJ' * 10-11 by a 
strong Coriolis-type interaction between them. Unfortunuiely , for higher^ ’ values, 
Fermi-type interactions with the overtone 2 p 4 give rise to rapidly increasing dis- 

' Prevent address: Isiituto di Chimica Organica, Universita di Venezia. 2l.t7 Calle Larga S. Marta, 
30123 Venezia, Italy. 
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crcpancicA between observed and calculated wavenumbers, so that the assign- 
ments became difficult beyond J’ > 13. Nevertheless, mort than 1200 transitions 
belonging to and could be assigned in the spectral interval 2184 - 2446 cm~'. 


EXPERIMENTAL METHOD 

The entire spectrum was recorded at the Ohio State University by using a lO-m 
double-pass focal length C/erny-Tumer-type vacuum infrared spectrograph 
equipped with a 31 groove/mm, 40 x 20cmMI6 x 8 in.*) echelle grating. The con- 
tinuous source of radiation was provided by a carbon furnace heated to 2300 K. 
Argon gas was passed through the source tank in order to avoid the accumulation 
of CO during the scans. An InSb detector cooled to liquid nitrogen temperature 
was used and the data were obtained with a spectral resolution ranging between 
0.023 and 0.035 cm". 

Interferometric fringes, which are recorded simultaneously with the observation 
of infrared spectra and absorption standards, were used in determining the spectral 
positions of the lines. A dispersion curve, for estimating the wavenumbers of the 
PH] lines, was then obtained from a least-squares fit of the internal calibration 
standards. 1-0 and 2-0 transitions of '*C'*0 were used as reference lines: wave- 
numbers (vac. -cm ') for the rotational structure of these two bands were taken 
from Kao (/f). 

In scanning the total spectral region, measurements were made with absorption 
path lengths of 10 and 100 cm at pressures ranging between 0.2 and b.OTorr. Under 
these conditions, data were recorded in the interval 2087-2482 cm*' and about 
3100 absorption lines were observed and measured. 

The average of the stronger lines was taken over four or more measurements. 
The estimated accuracy is limited to t0.003 cm"; however, for weM-resolved lines 
the values are about ±0.003 cm". 

The spectrum showed lines due to atmospheric absorption of carbon dioxide, 
in the C?-branch region and among the lower first and Af-branch lines of the t'l and i'] 
bands of PH,. This overlapping CO; structure was easily identified (V). 


ASSIGNMENTS — COMPUTATIONAL PROCEDURE 

The two bands i>, and are very close to each other. The strung Coriolis-type 
interaction between them is responsible for many “forbidden" (perturbation 
allowed) transitions as well as large A, A, splittings. The first assignments were 
performed on the basis of the ground-state combination relations among transi- 
tions. The accurate values already available for the ground-state constants (4,6) 
were used to calculate the differences. 

As a second step, we used an iterative computation as indicated in Ref. (/O). 
This improved the assignments and allowed us to tind the vibration -rotation 
constants related to the upper states t;, = I and = I . The energies in these states 
were obtained as eigenvalues of an effective twice-transformed Hamiltonian 
diagonal in v, except for the two Coriolis terms T| and T|, given by 
Eqs. (3) and (4) in Ref. (//). Besides these vibrational interactions (ti|, ra, . . .|e, 
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Fig. I. *' Forbidden*' irantiiionL inducrd by f, in v, and ■>,. In the indicaled notation, the flrti 
symbol refers to A" - A", the second one. .V • P, Q, R, loJ' - J“. 

± I, t’a 7 I, . . .) all essential resonances within r, « I and t j “ I were also taken 
into account (10, 12). 

It may be noted that the first-order term 7,. which has only matrix elements in 
A(A' - /j) ■ 0 cannot induce "forbidden" transitions, whereas, the second-order 
term 7^, with elements in A(A - U) * ±3, breaks down the usual approximate 
selection rule A( A' - /j) * 0, as sketched in Fig. I . In the present analysis of t'l and 
>'s. the great number of "forbidden" transitions observed in th<> spectrum is related 
to a large contribution of the term 7|. 

LINE STRENGTHS 

The line strengths were approximated from the leading operator responsible ,'or 
the observed transitions, i.e., 

(A/r)i4 “ l/sIcos + cos (r,v)</j* + p,.s cos (r,i)</,J, 

where </,, qja, and </]« are dimensionless normal coordinates related to t', and t'. 



Mr (F * X, Y, Z) and (q * x, y, 2 ) are the usual dipole moment components 
on space- and molecule-fixed frames. 

Therefore, the ratio p,j, as well as the eigenvectors arising from the diagonali- 
zation of the matrix are involved in the relative intensity calculations; 

absolute line strengths would also depend on the coefficient and experimental 
conditions (13). 

The rigorous selection rules for the transitions are ( 12 ): 

A7 * 0, ±1; At *-* At or E *-*E. 
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RESULTS 

The transitions assi>;ned to (<, and r',arc listed in Table I with the asterisk denoting 
“forbidden" transitions. The weights given in column VIII are equal to either 1.0 
for transitions unambiguously assigned to I'l or ft. or 0.0 for transitions which could 
be only tentatively assigned because of the Fermi interaction with 2i'4. The weights 
noted with an asterisk correspond to doublets A, -* At. A^ -* Ax (with |A' | “ 3, 
6, ■ ■ ■ ), unresolved experimentally and for which the expected splittings are small. 
The ground-state energy levels are labeled as {J, |A' |,C), where C « A|, Af or £ 
gives the symmetry species ( 12 ). In the upper states, the levels can be again specified 
unambiguously as (i', |A. ' |. /j * 0, C')for r, “ I and (7 |A'' |, /i * ± I, C'lfor 

I'a - I although the mixing in r,. t j. K, and /j is large. 

Twenty constants related to r, ■ I and r, « I were derived from the experimen- 
tal data.* Six of them refer to l'i * I. ten to >■ I, and four are interaction con- 
stants: C,V and C,*,’ result from the first-order term 7,. C,V and Ci*’ arise from 
the second-order ter n 7,; the first-order constant 


Mil X ^ 

2 Xl'^Xi 


is insignificant here, consistent with the very small value predicted for (u in Ref. 
(5 ), viz., 0.004. 


The derived constants a^e reported in Table II. They were obtained in two steps: 
first, the fitting was performed within the third order of approximation, the distor- 
tion constants D being fixed to their ground-state values. The fourth-order con- 
stants, introduced as a second step, were found to be insignificant except for the 
vibrational corrections to the constants D which improved the fitting significantly. 





I 



' These were (he 1186 data points retained with weight equal to 1.0. 
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TABLE II 

Vihrstioii-Roution Conitants fur r, •• I and i| • I Slalct of PHj 
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li 


Alsu, the large deviations from their ground-state values, observed for these con- 
stants are, of course, related to strong vibrational interactions, especially with 2 i>^. 
The fourth-order distortion constants, //•', //•'■'*, and //■'** were constrained for 
r, ■ I and r, * ! to their ground-state values (4) recalled at the bottom of the 
table; no significant value of the constant, H*‘, could be deduced from the present 
analysis. The 16 constants related to i>, and are written in the usual notation! /2), 
except that the asterisks point out that they do not involve exactly the same con- 
tributions as in the individual analyses of the bands. The set of constants of Table II 
reprixluces the 1 186 transitions assigned to and 1^3 with an overall standard devia- 
tion of 0.017 cm'*. 

Concerning the intensities, the strengths of allowed and "forbidden" transitions 
could be deduced from measurement of equivalent widths (/4). and compared 
together to adjust the ratio p, 3 involved in the relative intensity calculations, iit 
fact, the number of available data was very limited because of the intensity anoma- 
lies which appear early in the t>, and 1/3 bands as a result of the Fermi interaction 
with 2p,. Nevertheless, the comparison between experimental results and com- 
puted values of the relative intensities enabled us to approximate the coefficient 
p,j to the value: 

P,^ - -0.75 
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with an uncertainty probably of less 'han I59f . This result leads to a ratio S,/St 
between the band strengths of »>, and vt as equal to 0.28. Using the overall strength 
5, + St measured in Ref. 115), one gets for 5| and 5«. 114 and 406 cm'* atm*', 
respectively. The present value of pu is smaller than the one predicted (1.04) in 
Ref. ( 16 ). The opposite signs are connected to opposite signs in the definition of the 
normal coordina.es qta >nd </,*• 

Although no special effort has been made to record spectra from which absolute 
values for line strengths could be determined, the quantities repsttled in column VII 
of Table I can be considered as reasonable values for the dimensio*.less quantities 
(SiplMdi at 300 K, where S, are the absolute line strengths, d, are th'. Doppler half- 
widths, p » 0.3 T and / ■ 100 cm were defined by the experimental conditions. 

CONCLUSIONS 

The present analysis allowed us to explain the main features of the absorption by 
PH] in the ex.ended range 2184 - 2445 cm*', and to evaluate the ratio between the 
band strengths of the two fundamental bands and t>t. Anomalies observed in 
frequencies and intensities pointed out that the Fermi interaction with 2t>, has to be 
taken into account for interpretation beyond 7' > 13. This interaction is especially 
strong in the component A7j < 0 of the ft band, giving rise to serious anomalies in 
intensity distribution between O- a.nd 5-tyre “forbidden" transitions. See for 
example Fig. 2. 

Many unassigned transitions, observed near 2200 cm*' with intensities com- 
parable to the f, and I'j transitions, may be ascribed to the overtone band 2i-4. The 
rotational structure of this band appears very complex at first sight; but a spectrum 
recorded at low temperature which would allow us to eliminate most of the and fj 
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transitions, will probably he a good slatting point for the analysis of this over* 
tone band. 

Finally, in the narrow region 20.^0-2120 cm'' which was convenient for the 
detection of FFI) in Jupiter's spectrum at 5 ihc expected transitions for 

t>, and V] correspond to high J values in the range 22-30. i.e.. to ground-stale energy 
levels very depopulated at low temperatures. So. the combination band Vf -f 1 ^ 4 — 
instead of t>, or C 3 — might be responsible for the PHs transitions observed in this 
region. 
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Diode Laser Measurements of Strengths of '*0”C**S Lines at 12 

Objecmr and txpfrimenial mrlhod. Tlut note dcKnbct • itudy of individuaJ line itrcnftlti of lomc 
linci H the i>, bond of '*0"C*S at 12 fiin. Values for ilic tola) band intentily, pure vibration transition 
momcM, and vibration- rotation interaction constants were deduced from the measured data. A)so, 
stren(ti's of a few lines of the "hot" band (v, + i<|) - were measured from which the total band 
intensity is estimated Self-broadening coefficients of a few high 7 transitions of the Vi band were also 
determined. 

The diode la'cr spectrometer has been described in detail elsewhere (/, 2). A commercial sample of 
OCS with a minimum purity of 99.9^ obtitined from Maiheson Gas Company was used without puri- 
Acaiion A natural sample of OCS contains 93.729( of ’*0'*C*'S. Pressures were measured with MKS 
Baratron gauges with 0- I and 0- 100 Ton pressure heads. The uncertainty of our measured pressures 
was estimated to be less than |9( . Pyres cells of lengths 1 1 21 .7, 3 1 .53, 101 .6, and 201 .6 cm fitted with 
KBr or KRS-3 windows were used. The cells were evacuated by a diffusior pump to less than 10 * 
Ton. The pressures of OCS ranged from 0.040 to 0.280 Ton. All obtcrvati ms were taken within I h 
after filling the cells Eight or more repetitive scans were made of each line at three or more pressure 
X pathlength values at room temperature (296-299 Kl The cell temperatures were monitored dunng 
each scan by precision thermistor probes. The dispersion was calculated from the kitown fnnge spacing 
of a onc-inch germanium etalon. The analog records were digitized using a Bendix Daiagnd Digitizer 
for processing 

Stlf-hritadrning paramnert. The self-broadening parameter for OCS has been the subject of several 
experimental and theoretical investigations (7). However, they have all been done for 7 < 30. The 
theoretical self-broadening parameters calculated in Ref. (7) have been combined with the present high 
7 measurements in order to determine this parameter for all values of7 up to7 ■ 76. For self- broadening 
measurements, a 1 1.3-cm cell was used and the pressures of OCS ranged from 33 to 33 Ton At these 
pressures, the lines were essentially Lorcntzian. From direct half-width measurements of/’(67).P(72l, 
and P(76). a mean value of (0. 108 0.003) cm~'/atm at 300 K was determined There was no clear 7 

dependence for these lines. In Table I. the self-broadening parameters obtained from this combined 
work are listed for 7 up to 76. 

Strengths of lines. At pressures of less than 0.280 Tc n, self-broadening is negligible and thus the lines 
should be Doppler broadened. However, typical full widths at half height for the OCS lines were meas- 
ured to be 0.0018 cm'*, which is about 40^ larger than the Doppler width. In previous publications 
from this laboratory (2, 4) it has been shown that this broadening is due to an instrumental function 
with Gaussian characte.istics related mostly to the diode laser linewidth. The method of equivajem 
width is therefore used to determine line strengths. 

The equivalent width IV is dehned by 

Wm [ (1 - e-*'-«Wi', (I) 

Jllw 

where x is the measure of the number of absorbing molecules per unit area and k{v) is the absorption 
coefficient which is related to the line strength 5 and the lineshape function /(v - v,) by the relation 

*(»<)» S /(v - V,). (2) 


' Support extended tliis research by National Aeronautics and Space Administration is gratefully 
acknowledged. 
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NOTES 


TABLE I 


Strenflhk and Setf-Broadcninf Parainelen of Some t>, Band Luict of '*0'*C*S al 300 K 


A Voigt profile has been assumed for the OCS line, i.e 


where 


h, and denote the Ixirenizian and Doppler half widths, respectively. The measured values of H' 
ranged from 0.0004 to 0.001 cm'* corresponding to Doppler lines on the linear part of the 
curve of growth. 

The line strength 5 at a particular temperature was then calculated from W hy iteration. From 
repealed measurements of line strengths at various pressure x paihlength values, the esperimental 
uncertainty was estimated to be about The line strength at a temperature T was convened 

to temperature T • 300 K by using the following expression. 


where Q is the internal panilion function (calculated in this world, and i>*, the energy of the lower 
level in cm*', evaluated from the nolecular constants given in Ref. (6). 

The line strength in a rovibrati. nal band of OCS can be wniien as (5) 

wheie Nf is the total number of molecules per unit volume per unit panial pressure of the 
itbsorbing gas at temperature T, RZy is the matrix element of the dipole moment of the vibrational 
transition; m - 7 -f I for the R branch and -J for the P branch, vi is the wavenumber of the line. 
The square of the matrix element of the dipole moment of the vibrational transition can 

be expressed as 

- IffS' lV.idm), (7) 


where F,ii(m) is the factor that accounts for the vibration -rotation interaction (noniigidity correction) 
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TABLE II 

Summary of Band Inicntiiy Paramclart for '*0"CS 


ca'S riwilta—nl Icn^; 

'l«ai • <**•♦> » 

• o.oortj t 0.00011 (OaOr*)^ 

• • U.r t 2.2) ■ lO'* 

. Narau-Ualll* coafflctmta 
k • (7.1 t 1.1) « 10*’ 

(Vj ♦ Vj*) • Vj* (012 c«'*) taitd 

’lank 

iv*r*j*^ i 

''vU I * ® < 0.00011 (Dabya)' 


and |Bh'’| •• ihc matrix element of the pure vibrational traniition. For a linear molecule. F.alm) may 
be expressed ai a function of m by 

F.ai'rtl " I um bm* +••••. (8) 

By introducing the measured value of S and all known quantities into Eq. (6), | Riu'\* was calculated 
for each line. These were then least-squares fitted to obtain a. b. and | A;!'' |*. The line intensities were 
then calculated from a, and b. Table I presents these calculated values along with the mean 

line strengths oi the measured lines. 

Band ttrengih i/v, of OCS. In Table II, the band strength for the v, band obtained by direct summa- 
tion of Eq. (61 IS presented along with | /fn' l', o> and b. As in the case of parallel bands of other linear 
molecules like CO|, the constants a and b were not well determined. 

Line strengths of four lines belonging to the (v, > »,) - a, band were also measured. This band is 
much weaker than the v, band. The measured int.nsities of /*^3S), PgOS), P^40), and are 

0.0149, 0.0137, 0.0121, and 0.0131 cm ' atm*' at 300 K. The calculated values of and the 

band strength are also presented in Table II. 

The value of 26.93 ± 1.23 cm*' atm*' for the band strength of the s>, band of "0‘*CS at 300 K 
obtained in this work translates to an integrated band intensity of 34.9 cm'* atm*' for all isotopes and 
hot bands of OCS at 12 )ini ' This is in good agreement with the value of 33.4 cm ' atm*' obtained by 
Robinson (8) about 30 years ago. A value of (40.6 ± 4) cm*' atm*' has been recently reported by 
Foord and Whiffen (9) in 1973. 

In conclusion, it ;nay be mentioned that recently it was pointed out 1 10) that OCS could be a minor 
constituent in lo, ihe satellite of Jupiter. Estimates of its concentration were made from the strength 
of its Vi band. 

' Dr. A. G. Maki of the National Bureau of Standards informed us that he and R Kagann have meas- 
ured the integrated intensity of the v, band of OCS using a Fourier transform spectrometer and obtained 
33.2 cm*' atm*' at 296 K (with an uncertainty of 1391) for the strength of this band. Oftentimes in the 
past, the band strengths determined at different times and in different laboratories differed by large 
amounts (see, for instance. Chapter IV on “Intensities in Infiared Spectra” in “Molecular Spectros- 
copy; Modem Research," Vol. II, (K. Narahan Rao, Ed.), Academic Preu. New York, 1976). So. it is 
useful to note that the value oi Maki and Kagann is close to the results obtained in the present investiga- 
tion. We wish to thank Di. Maki for bringing this to our attention and also for other useful comments. 
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Tunable Diode Laser Study of the Infrared Band of QeH« 

The »a infrirwt band of GcH«, centered clote to 820 cm*', hat been studied by icveral authors The 
most recent rotational analysis is due to Kattenberg ei al. (/), but the resolution in this work was ^ 

comparatively modest to that almost none of the hne structure capccled from tetrahedral splitting and i 

from the different isotopic species of Ge was clearly resolved Preliminary accounts have been given of 
spectra recorded at 0.06-cm*' resolution, both using a natural sample of germane (2) and alto with ’ 

umpics enriched in ’°(jcH 4. "GeH«. and ’‘GeH, ( J) Improved values of the ground-state constants Bu. 

Dn, and H, have been derived from the latter spectra, but the full assignment of the rj and »4 bands hat 
not yet been completed (4) ) 

Here we report measurements on the ¥, band carried out with a tunable diode laser spectrometer (3, f 

6). The diode later provided wavenumber coverage from 818 to about 845 cm*'. Assignments have been I 

made to nearly 200 of the K( 0 ) through ft{ 10) transitions of the five naturally occurring tpeciet ’%eH 4 . 

''GcH 4 , ”GcH 4 , ”GeH 4 . and '*GcH, In addition, the high-wavenumber ^branch liead of ’°GeH 4 and 
a few high-2 ^branch lines of ''GeH 4 have alto been assigned 

A commercial sample of germane (Matheson Gas Co., stated purity 99.9%) was used Trares of H] 
were removed by freezing the sample at 77 K and pumping on the soIk* Line positions were measured 
with sO. I Torr of germane in a l-m cell lines of (X'S (7) were used for calibration Tlie absolute 
accuracy of measurement it believed to be about xO.002 cm ' (8). A typical scan, covering part of the 
overlapping Ah 6) mulliplett of four isotopic tpeciet. it shown in big I. It it clear that the high resolution 
achieved with the diode later allows both the tetrahedral splitting and the isotope effects to be determined 
despite the high density of lines. 

The results are summarized in Table: I- III Table I gives the Af-branch assignments and Table II the 
^-branch astipnmenit In both cates the comparison between experimental line positions and those 
calculated from molecular constants given in Table III it alto presented The molecular constants were 
obtained from least-squares hts to the data of Tablet I and II, using the Hamiltonian of Gray, Robiette, 
and co-workers (9~l I) in which the Coriolis-coupled V] and ¥, bands arc treated together The ground- 
state constants (i) and a, constants (4) were taken from analytes of the 0.06-cm ' spectra and fixed 
during the fits of the diode later data Eventually, it should be possible to improve the constants by r. 
combined analysis of the diode later results and the 0.06 cm*' results with appropriate weighting of the 
two types of data 

In the case of '”GeH«, the observation of ^branch transitions from ^3) through ^21 ) in addi ion 
to a complete tel of transitions R(0) through F,(9) allowed the refinement of nine parameters in li<e 
upper-slate Hamillonian of The ^branch assignment was not straightforward, but the GeH, line 
identihcalions given in Table II have been conclusively established by absolute intensity measurements 
on both ^-branch and R-branch lines. The analysis of the intensity meaturemvnis and their interpretation 
in terms of the ¥, band strength will be reported subsequently 

For the other isotopic species, where fewer transitions were recorded, the number of parameters refined 
was always smaller and the poorly determined constants were fixed at their "'GeH, values This procedure 
leads to a consistent set of molecular constants with a uniform quality of fit for the five isotopic species 
A few lines, noted in Table I, were given zero weight in the hnal series of refinements These lines are 
less accurate because of relatively poor diode laser performance where they appeared 
The constants of Table III are in satisfactory agreement with theoretical predictions of the isotope 
shifts From an approximate harmonic force held adjusted to fit the ¥4 constants and the four fundamentals 
of ’"GeH, (uncorrected for anharmonicity), we have calculated the isotope shifts in the band o'lgin ¥4 
and the Coriolis coefficient 2Af, These shifts are compared with experiment in the last four I nes of 
Table III The trends are well reproduced, especially when the uncertainties in the experimentr.l shifts 
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FABLE I 


ObMrvad and Caknlaiad B- Branch TrantiHona of tha Fiv« lioiopK Spncma of Uarmant 
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4 

•77.4747 

• 

(•77. 1744) 
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M 
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•7 
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1 
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4 
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•(f» f 

47«.«aat 

77 
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• 

•74.«444 

1 

■74.4ta4 

4 

1934.34111 
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477.1444 

-4 

•74.4471 

• 
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•0 

•70.1417 
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-1 
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•4 
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■ 
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11 

•17.4434 

• 
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a 

•11.447t 

• 7 
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4 

•11.4711 

17 

•13.4070 

• 
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a« 
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aa 
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0 
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0 
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11 
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• 
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• 
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a 
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- 1 
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4 

•14.0771 

4 

ratal 

•14.4744 

-a4 

•14.7741 

14 

•14. •ill 

II 

•14.7477 

0 

•19.M99 

• 

•fn ratal 

•14.7144 

aa 

•14.7447 

4 

• U.4441 

1 

■14.9444 

4 

•14.4474 

4 

Mill ratal 

•17.4444 

-a 

•17.B477 

4 

■17.3347 

11 

<•17.0114) 


•10. 4041 

7 

rm fiai 

•17.4444 

4 

417.B4t4 

4 

•17.3747 

14 

(•17.04441 


•14. 4947 

>1 
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414. 1744 

1 

•17.4/14 

!• 

•17.4M7 

14 

•17.3414 

71 

(•I4.tll4) 
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4M.1477 

a« 

•17.44M 
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• 17.44 74 

-1 

•17.4997 

7 

<917. 0041) 
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31 
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•17.4341 

0 
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37 
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• 

•17.4404 

1 
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• M.4444 

■4 
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-14 

• M.1174 

14 

•M.1414 

4 

•17.4017 

to 

4<fi 4a 

•14. •Ill 

-a 

(•14.14471 


• 14.IM4 

11 

■ M.4741 

7 

■M.4I41 

•9 
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‘4 

<•14.47141 


•14.7441 

74 
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17 

(•M. 49011 
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•14.444t 

a 

•14.4441 

4 
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•14.0774 

1 

(•19.44171 
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a 

•14.7041 

17 
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11 
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7 
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•14.4117 

-4 

•14.7144 
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•14.4440 

• 
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0 
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•• 

•14.4441 

4 
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-• 
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7 
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0 

■<«i ratal 

•41.1744 

7 
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-4 

•40.4471 

4 
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•7 
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7 
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4 
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71 

<940.4717) 


•40.4411 
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34 
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•1141 ratal 
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-7 
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•41.3947 
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(•47.44741 


(•41.44471 


<•41.74471 


(•41.0417) 


•41.1104 

•74 

■ii4i ratal 
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(■41.44101 


■41.3100 

-70 
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<•41.44741 


<•43.44141 


<•47.77141 


(■47.90111 


(•43.0A99) 
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<•41.43441 


(•43. 4411 1 
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(•47.9744) 
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you. The traniiliont are labeled by their ground-atale aymmetry sprciet. Columns headed o - c are 
the residuals (observed — calculated) from the least-squares fits, in units of 10 ‘ cm*'. Bracketed line 
positions are calculated values for transitions which could not be measured. Bracketed residuals indicate 
transitions omitted from the fits. 


are considered. The constants other than v« and are. as anticipated, essentially independent of 
isotopic species so far as we have been able to determine them. It should be noted that the upper-state 
constants of the rj band have been assumed to be the same for all isotopic species, but that the strength 
of the i>;/v 4 Coriolis coupling varies slightly from species to species. We have used the theoretical isotope 
dependence of fu to determine the fixed values of the coupling parameter /?i« (9) used in the analysis. 

In conclusion, we have shown that a wealth of precise data on the isotope effects in GcH< can be 
obtained by diode laser spectroscopy, and that the data can be readily interpreted using the CorioUa- 
coupied Hamiltonian in which »] and v< arc treated simultaneously. The data discussed here establish 
for the first time the most important constants of the n, band for all five isotopic species of germene, 
and provide a basis for future high-resolution work on this molecule. 
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TAILE II 

Okwrvad Mid Calculaud (^IcMKh Timmuiom of Mid ’*0«H4. 

LiM«d M OrdM of WavMiwiib«r 


Note Th« iramiliom arc labelad by Ihcir ground-fiatc lymmatry apacict Columm haadad o 
tba ratidualt (obtcrvad — cakulaiad) from (ba laatt-i<|uarot flu, ia uaiu of 10 * cm*'. 


TAILE III 

Molacular Cooatanu (cm*') for tha Fiva laotopic Spaciaa of Oarmaaa. Danvad from tha Aaalyiu of 
Dioda L'.ur Maaiuremaali on Iba Band 




■MHKlBtur* t* tlMi *f Cr«ir ami KakUti* (#). Gtmtmi BiBt* CMBtMifl wro tiaai ihrmuhitiii 
•I lb* vBlwBfl at bBiiwr •• «l. (I) ami lUfdfw at at. <JI). Vf r«iBta»t» wtr« ffalimiaary 
VBliMfl (r«s tTBiMf aai BabUtt* (#). BHiaB* xha far all 

IFVlBciMl CMMtMifl Brai w| <•*>. t| }.MTJ c«*’a b| -4.00S4) m"* , 

by S.)4 ■ 10*^ it •i.fl ■ 10^ t^K 

Cmaiamt t*ami at *HalL «at«*a. 


Carialia cavtUaf MV^acar (#)| tiaai at valaafl ca.cwlataB fti 
traitciiaaa at (y^ <ar iba fiva iaacafir aaaclaa. 


Sole Erron in parcnthaaai arc ona standard daviation in the last figure quotad 
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Convolution of a Doppk'i Line by a Qauaaian Instrument Function 


N>i or Moiif i/i m< raoMort ■!, 2W>373 I IVSO) 
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In ihit noir • timpic method m dcnvnd for a»ic*ung the dniomon of ■ Dnpfilcr ime by • 
inrirumcni fimclion li hM immcdiaic for diode later meaturemeMi. and ma> be uted 

whenever a Gautuan intirumem ftinciiuri it a reatonable afwrutimaiion to rvala). Tbe notation it 
timilar to that of Penner I / 1. Define the abtorptance 


Let the abtorptamic be convoluteil b> a normalued Gauitian intirumeni function 


whcic A • d/lln 2)' and J it the half-width half-hrigh' iHWHHi of the convoluiing function 
The convolution it 

/»'(ri - j Aix'\f{x - t'idr'. (S) 

If wc ctpand 4t«l in a terict. 


where « hi.'tln 2l'*. Eq (5i becomcv 


The form of Eq (7) hat been deliberate^ choten lo ethibii the fact that each term of the tenet for 
A'ix) containt the convolution of the Gauttian intirument function with a Gautuan of I/e half- 
width fin'’*. 

For fl “ I, the integration givet a Gautuan of I/e half- width (ff -r S*l' Thit retult wat ditcutted 
b> Van fJeHulit and Reetinck l2l. The other termt in the tenet can be wntten immediately , giving 


The form of Eq. (8) permitt umpic rapid calculation uting a detktop programmaMe calculator. 


0022-2852/8O/0M)269-(M$02.00« 
Cav>n(iu C Itao ti> AcaaenK frrti. Im 
AH nflMh of rtproSocuon m fono re*«fv«4 


4trl ” I - riel ■ I - ctp|>Pt*l|. 

/•til ■ P' etpl -le/halHIn 3l|, 
f ■ S'hi, • (In 2/wl‘ *pf. 


4(T) - V etpl-e'/O* nil. 

..I n' 


expl-Jt"/(^ «l) exp|-(* ~xyiV\dx\ 


where r ■ Kfi > <f/h„. If Eq (6) or Eq. (8) it uted to compute the equivalent width. 


we get the retult of IjKlenburg tJl. 


H' ■ j A{x)J\ ■ I ^’(Jiltfji, 
I. 

..(In * ll!(n -r ll‘* 


where 


and 


( 10 ) 
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Fill. I. InMrumenlitI JKlortion, tihu. venui maximum ubxcrved abxorplance. /4'(0), for vanoux 
valucx of inxirumcnl HWHH. d. 


The convergence of E<). (8), a> well as Kq. ( 10). is absolute, the rate of convergence depends mostly 
on the value of For an accuracy of 10 *,P' • 0,2 requires 5 terms, while /*' « 10 requires 35 terms 
in the senes. However, even the longer senes is computed in a few seconds on a programmable 
calculator. 

If there were no instrumental distonion we would measure the HWHH of a spectral line, ho, at that 
point for which it t) ■ iito*)' •, or where 41 r) ■ I - (I - /ftO))''*. To find the error in tbit procedure 
for a convoluted line we iterated on Eq. (8) until we found an x such that 


Fic . 2. The error in the Arst-order approximation to the instrumental distortion, x/(h| 'f </*)''*, versus 
maximum observed absorptance for vanous values of instrument HWHH. d. 
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NOTE 


AKM 

Fig. 4. Chan similar to Fig. I produced for larger values of instrument H WH H. shown as the ratiod/h|,. 
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Fig. ). Reproduction of laser diode speciromtier scan taken at OSU. Measurement of t//ho is from 
Fig 4. 

4'(jt) - I - |l - X‘(0)|‘'*. (Ill 

This value, x (or x/hu> is a measure of the broadening of the absorptance, or transmittance. 

Figure I was prepared by choosing values for P', hp, and d and computing 4'(0); then with this 
4 '(0) we compute4 '(e) to satisfy Eq. (II). Values ofd < h„ • 0.(KI0M> cm' 'were chosen to correspond 
to anticipated conditions for measurement in the 15 |iin CO| bands. The results of these computations 
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272 NOTE 

*trtt pcrfcctl> wiih ihc publi«he«i retulti of Kotikowvki anJ Bat>(4 ), who caitulaicJ ihc convolution, 
on a large computer by digital integration, for three values of the peak absorption. 

The appearance of these curves shows clearly that for the same instrument function, and using the 
standard method of measunng HWHH for diode laser measurements Isee Planet el at. I), the dis- 
tortion IS greater for weak Itnes than for the stronger ones. If we assume that the IXippier measure- 
ments of Ref. t5l had -a'tO) > 0..1, then x > I (M/in, S'T wider than Doppler, indicates an instrument 
function of about J.2 a !0 •cm‘'(HWHH> If . 4 'tOl had been 0.3, Fig I still showsi/ •2 9 a 10 ‘cm"'. 

Figure 2 shows the error incurred by assuming that the convoluted half-width is given by the lirst- 
order correction alone, *■ </*)". This assumption is seen to be better for weaker lines 

An esample ofihe use of Fig. I, or any simnar chan, is demonstrated in Fig. 3. This is a reproduction 
of a measurement made at OSU on a diode laser spectrometer in the v, IS-Mm band of A s-mul- 

laneous elakm trace serves as the wavenumber Icm ') marker We measured A'(d) • 0 3M9, and the 
HWHH X • l.29hn A new chan. Fig. 4, was prepared, because the instrument function was loo large 
for Fig. I, Using this figure we estimate <//bp ■ 0.93 Id a h. I x 10* cm'*). 

The results of several other measurements in the K branch made at OSU are also shtiwn in Fig 4 
The instrument function clearly changes with wavenumber, i.e., with diode laser mode. 

The method of computation presented here is simple and direct. It suggests that a close approxima- 
tion to the width of a Gaussian instrument function, or an almost Gaussian function may be found by 
measunng a line with a Doppler absorption coefficient Charts for specific spectral regions and expected 
instrument widths can be easily prepared by the use of Fq. tK). 
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This investigation is based on two recent publications,^'^ 
The high spectral resolution and sensitivity obtained w>th 
diode laser spectrometers are being increasingly used in pro- 
curing basic oteervational data for determination of molecular 
parameters. With diode lasers, typically we are able to scan 
spectral intervals of about 0,5-1 cm”* at any one time, and 
quite frequently these spectral intervals do not have a conti- 
nuity in them. Obviously, meaningful spectroscopic con- 
stants can be determined only when there is internal consis- 
tency in the wave-number data available for such disjointed 


spectral Intervals, At the longer wavelengths of 12-17 M*** 
where much useful information can be obtained by studying 
low-frequency fundamental vibration-rotation bands of 
polyatomic molecules, the band spectra of CO 2 and HCN seem 
to provide a set of convenient wave-number standards. The 
HCN data presented in Ref, 1 were generated from available 
rotational constants for its 01*0 and 00'*0 levels combined with 
the band center evaluated from grating measurements,** 
On the other hand, the CO 2 wave numbers of Ref. 2 were ob- 
tained with a high-resolution Fourier spectrometer, and their 
wave-number precision is quoted to be better than 0,001 cm"* 
by relating the Fourier data for pure rotational water vapor 
lines to the values calculated from water vapor energy levels, 
We have intercompared these HCN and CO 2 data by making 
measurements at Doppler-limited spectral resolution with a 
diode laser spectrometer and find that there is internal con- 
sistency in the wave-number values of Refs, 1 and 2 within 
about ±0.0005 cm"*. 

The diode laser assembly described by Reddy et ol.* has 
bean used for the intercomparison of the measurements of 


J 

'1 

« 



Tabla 1. Comparison of the Proaonl; Measuramants wHh the Fourier Data of Ref. 2 



R(76) of I'sof ***G"'02 relative to /?{6) of From /?(56)ofv2 of ***C>'*02 relative to 0(12) From 

‘■'1 


of H'**C'*N as standard 

Fourier 

of )'2 of as standard 

Fourier 



729.6847 


713.1348 





729.6844 Av. value 


713,1350 Av. Value 





729.6847 729.6846 

729.6847 

713.1352 713.1350 

713,1348 

.5 


Table II. WavaiHimbari (vac. cm~ 

*) of lha D Branehas of tlvs I'l-i'] Bands of *‘C*'02 and *’C*'02 





12C"*02 



>3C"*02 



Present 

High-resolution 

Diff. 

Present 

High-resolution 

Diff. 


Q(J) 

obs. value' 

' Fourier*" 

X 10* 

obs. value" 

Fourier*" 

XIO* 


<?(2) 

720.7998 

720.7994 

4 

721.5752 

721.6749 

3 


Q(4) 

720.7846 

720.7845 

1 

721.5539 

721.5536 

3 , 


(?(6) 

720.7608 

720.7610 

-2 

721.5206 

721,6201 

6 


Q(8) 

720.7292 

720,7290 

2 

721,4745 

721,4744 

1 

1 

Q(IO) 

720.6890 

720.6886 

4 

721.4166 

721.4166 

-1 

• 

Q(12) 




721.3460 

721.3466 

-6 

*1* 

J 

Q(14) 




721.2644 

721.2644 

0 

Q(16) 




721,1692 

721.1700 

-8 


Q(18) 




721.0638 

721.0635 

3 

J 

“ '2C'**02 

lines were measured relative to i? (2) of i <2 of H'^C'*N, 





^ Ref. 4; R. Antilla» U. Oulu, Finland; private communication. 




1 

c lines were measured relative to /2(66) of the V 2 of *^ 0 *^ 02 . 






TaUa III. Wavenumbars (vac. cm"*) oMhe 0 Branch Linas of the Band of *>€**0'* and the Vj Band ol H**C**N 


t 



12C160170 



{^;JC**N 



■^(j) 

II calc." 

(0-C) X 10* Q(J) 

ricalc." 

(O-C) X 10* ^J(J) 

II calc.*" 

(0-C) X 10* 


Q(l) 

711.2981 

2 Q(16) 

711.0743 

-11 Q(4) 

706.0999 

-3 


Q(4) 

711.2831 

1 Q(17) 

711.0462 

-6 Q(5) 

706.1672 

-5 


Q(5) 

711.2748 

0 Q(18) 

711.0166 

-1 Q(6) 

706.2479 

-5 


Q{6) 

711,2648 

1 Q(19) 

710.9854 

2 Q(7) 

706.3421 

-1 


Q(7) 

711.2632 

3 Q(20) 

710.9526 

4 Q(8) 

706,4498 

13 


Q(8) 

711.2399 

3 Q(21) 

710.9182 

3 Q(9) 

706,5709 

16 


<?(9) 

711.2249 

-1 Q(22) 

710.8822 

4 Q(10) 

706.7065 

-3 


Q(io) 

711.2083 

3 Q(23) 

710.8446 

5 Q(ll) 

706.8535 

-10 


Q(ii) 

711.1900 

3 Q(24) 

710.8055 

7 Q(12) 

707.0150 

-2 

Q(12) 

711.1701 

-3 Q(25) 

710.7649 

0 Q(13) 

707.1899 

0 

¥ 

Q(13) 

711.1486 

-4 Q(26) 

710.7227 

-3 



w 

Q(14) 

711.1255 

-6 Q(27) 

710.6789 

-4 




Q(15) 

711.1007 

-1 Q(28) 

710.6337 

-2 




“ II calc. = 711.29978 — 0.0008336 J(J + 1) -1- 1.64 X 10“® (J + 1)^. The measurements were made relative to P(13) of I'l-i'o of 
'2C"502. 

*’ II calc. = 705,96,535 + 0.0067283 JU + 1). The measurements were made relative to /?(48) of i »2 of ’“C'^Os. 
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12(31602 lines relative to lines at 14 /im. It may be 

recalled that with a setup of this type, Fabry-Perot fringes of 
about 0.015 cm~' apart produced with an air-spaced 5talon 
are recorded simultaneously with the scanning of diode laser 
IR spectra. The absolute wave number on the fringe scale is 
obtained by recording on available absorption standard, By 
adopting this procedure, R(76) and /?(56) lines of the i <2 band 
of >201602 have been measured, the first one by using an R 
branch line and the second one by using a Q branch line of the 
i»2 band of H>2C>^N as standards. The data prt^sented in 
Table I show the extent of agreement between our mea- 
surements and the Fourier data^ and also demonsUate that 
the reproducibility of diode laser measurements is excel- 
lent. 

Another test for internal consistency between the /?- and 
Q-branch wavenumbers of Ref. 1 was possible because we 
could measure the R(l) of i >2 of H>2C>^N relative to the Q(28) 
line of the same band. It has been found that such a mea- 
surement for /?(1) came out to be 717.8932 cm"> as compared 
to the value 717.8927 cm”> calculated in Ref. 1. 

Table II compares the diode laser measurements for the 
Vj-i >2 bands of >20>6O2 and »*C>®02 with the Fourier spectro- 
scopic data of Paso et al,* The agreement between the two 
sets of data is again within a few units in the fourth decimal 
'place. 


While performing the above described measurements, we 
have observed the V 2 of H>®Ci^N and V\-V 2 of >2C"'0>’>0 in the 
natural sample. The wave numbers of the bands of these two 
molecules are given in Table III, 


This paper was presented during the 34th Molecular 
Spectroscopy Symposium at the Ohio State University, 11-15 
June 1979 (Paper TEIO). This research was done during the 
period in which support was received from the National 
Aeronautics and Space Administration. One of us (KNR) is 
grateful for t'jis support. 
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